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CATION SELF-DIFFUSION IN BARIUM 
OXIDE (BaO)* 

S. P. MURARKA and R. A. SWALIN 

Department of Chemical Engineering and Materials Science, University of Minnesota, 

Minneapolis, Minn. 55455, U.S.A. 

C Received 26 January 1971) 

Abstract —Cation self-diffusion studies were carried out in BaO crystals in the temperature range 
900°C T « 1400°C and at oxygen partial pressures of one atm and 2 x 10~ 5 atm. ,33 Ba isotope was 
used as tracer and Gruzin’s residual activity method was employed. The bulk diffusion coefficient 
could be represented by the following equations: 

/ +4-97\ 

D(1200-1400°C) *= M*35_ j x 10 4 exp H4*00± 0*067)eVtfr] cm 2 /sec. 

i)(950-1100°C)= (l-20^^exp[-(2-81±0-21)eVMT]cm l /sec. 

The diffusion coefficients were found to be independent of changes in the oxygen partial pressure 
of the annealing atmosphere. 

The data are interpreted in terms of various possible defect models. 

l. introduction singly ionized oxygen vacancies. 

The use of BaO-SrO coated vacuum tube Reddington[9] has studied the cation self¬ 
cathodes has stimulated efforts directed toward diffusion in BaO and reported two diffusion 
understanding their defect structures and semi- processes: one resulted in the transportation 
conducting behavior. In BaO, Sproull and of electrical charge (of about 2 electron units) 
co-workers [1-6] investigated the properties and the other was non-charge transporting, 
of barium rich crystals. One important obser- The activation energies of diffusion were 
vation that emerges out of these studies is the 12 ±2-3 eV and 11 ±2*2 eV respectively, 
existence of a 2*0 eV peak in the optical Such large activation energies for barium 

absorption spectra of BaO crystals which mass transport are highly unlikely in view of 

contained excess Ba, Ca, Mg or Al. This peak the fact that energy of formation of BaO from 
was associated with oxygen ion vacancies. constituent elements is only about 10 eV. 

Carson et al.[l] made ESR measurements An investigation of the BaO-O s systems 
on BaO which contained excess Ba and was made bt Kozlenko et a/.[10], who suggest- 
observed the ESR spectrum from singly ed that oxygen enters the crystal lattice in two 
ionized oxygen vacancies (F + center), but forms: as Ba0 2 clusters and as a solid solution, 
could not correlate this with the 2*0 e V optical At very low pressures of oxygen or at tempera- 
absorption. Recently Bessent et al.[ 8] by use tures higher than 800°C it was determined that 
of the Faraday rotation technique have oxygen is mainly dissolved in neutral atomic 
demonstrated that in crystals irradiated with form. 

2-5 MeV protons, the 2*0 eV band is due to All these studies have attempted to yield an 
___ understanding of the defect structure of BaO. 

•This research was supported by the National Science Further detailed work > however, is clearly 

Foundation. needed especially at higher temperatures. In 

2015 



S. p. MURARKA and R. A. SWALIN 


20)6 

view of these, the cation self-diffusion studies 
in BaO were undertaken as part of a general 
study. 

2, experimental procedure and results 
Single crystals of BaO were grown in our 
laboratory by use of an induction coupled 
plasma torch device! 11] as the heat source. 
BaO in powder form was obtained from 
F.M.C. Corporation and the typical analysis 
of this powder as quoted by suppliers is given 
in Table I together with the semi-quantitative 
spectrographic analysis of the single crystal 
grown from this powder. Single crystals as 
large as 8 mm x 3 mm X 2 mm were obtained. 

Table 1. Analysis of the powder 
and crystals of BaO 


BaO powder* BaO crystal! 


BaO 

99-5% 

BaO 

principal 

BaS 

01-0-6% 

SK) 

0-15%. 

BaCO, 

2*0% 

MgO 

0 004% 

Fe # <), 

0012% 

( aO 

0-08% 

Al,0, 

0 020% 

FeA 

0-003%- 

Bu.so< 

007% 

AIjO, 

(r,(), 

0-002% 

0 002% 

*Analysts 

suppliers. 

furnished 

by the 

powder 


tScmi-quantitativespeclrographicanalysis. 

These crystals were annealed in magnesia 
crucibles under pure dry argon along with an 
excess of BaO powder at 1250-1300°C for 48 
hr. Most of the crystals thus obtained were 
clear and transparent and no residual thermal 
stresses could be detected in the X-ray back 
reflection Laue pattern of the transparent 
crystals. Such crystals were used in diffusion 
studies. 

Details of the experimental procedure were 
described in an earlier paper on SrO[12] which 
will be hereafter referred to as Paper I. Only 
the essential differences will be described 
here. Radioactive 133 Ba was used as the; tracer. 
This isotope has a half-life of 7*2 yr and emits 
gamma radiation of energies 0*057, 0*082, 0*3 


and 0*36 MeV, The 0*36 MeV radiation was 
used in the present studies for monitoring 
this isotope. Labeled Ba-oxalate was precipit¬ 
ated from the chloride solution and the oxalate 
was ignited, after drying, at 1000 C to form 
the oxide. This radioactive oxide was used for 
evaporation as a thin film on the prepared 
crystal surfaces. 

All the diffusion anneals were performed in 
single crystal magnesium oxide crucibles. 
Each crucible was partially filled with dry 
inactive BaO powder and some crystal chips 
of BaO. The diffusion specimen was sand¬ 
wiched between two cleaved surfaces of MgO 
crystals and placed on top of the powder and 
chips in the crucible. This assembly was then 
placed in the isothermal zone of the furnaces. 

Anneals were carried out in the temperature 
range of 900-1400°C. The temperature was 
controlled to within ±1°C and measured to 
within ±4°C. Anneals were carried out at 
several temperatures both in pure dry argon 
(p {)2 ~ 2 X 10" r> atm) and in pure dry oxygen 
{p (H = one atm). 

Analysis of the diffusion profiles was carried 
out as described in Paper / 

Figure 1 shows typical plots of the surface 
activity / vs. diffusion penetration distance X 
into the BaO crystals. Figure 2 shows typical 
log /* vs. X 2 plots. As in case of SrQ, the 
experimental data presented in Fig. 2 did not 
fit a single straight line and two intersecting 
lines were drawn. The one near the surface 
has considerably larger slope than the line at 
larger penetrations. In BaO while the first 
region was restricted to a maximum of about 
30/Am, the second segment extended up to 
350/xm. 

Diffusion coefficients were calculated from 
both these segments. Figure 3 shows a plot 
of log D vs. 1/7 , where D represents the diffu¬ 
sion coefficient in the bulk. It is observed that 
there is no effect on the values of diffusion 
coefficient when the oxygen partial pressure 
is changed from 2 x 10 -5 atm to one atm. The 
temperature dependence of D could be best 
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Fig. !. Penetration profiles for cation self-diffusion in BaO = 2x 
10~ 5 atm). 



atm). 


described by the following (obtained from least and 
square fit of the straight lines): 

/ a-a 07 \ Z>(900-950°C) - 7*52 x 10” 8 exp(-l*05 eV/ 

D(1200-1400°C) = x 10 4 exp kT ) cm’/sec. 


[- (400^0^7 .V) j cm , /sec 

D(95O-ll0O"C) = (l'20 + *;”) exp 


The limiting errors were calculated by a 
method described by Guest [14]. 

The last equation was based on only two 
data points at 900 and 950°C. The diffusion 
coefficient is much higher (beyond exper¬ 
imental error) than one would expect from 
extrapolation from results in the 950-1100°C 
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range. Reddington[9] also found that at lower 
temperatures the diffusivity was enhanced 
compared to extrapolation from high tempera¬ 
ture values. He reported an activation energy 
of 0-3 to 0-44 eV at temperatures below 
1075°C. which would seem to be supported by 
the present findings. 

3. DISCUSSION 

A detailed discussion of the diffusion coef¬ 
ficients obtained from the near surface region 
appears in Ref.J 13]. It appears that the near 
surface region resulted from hydroxide layer 
formation. Thus the diffusion coefficient D 
from the second segment of the log l* vs. A" 2 
curves will be considered to represent true 
volume diffusion[12]. 

The results of the present investigations do 
not agree with the studies of cation self¬ 
diffusion in BaO made by Reddington[9]. 
Reddington studied cation diffusion in BaO 
in vacuo by use of M0 Ba as the radioactive 
tracer. His results can be summarized as: 

(i) Diffusion near the surface 

D(1077-1277°C) = l(P 1±H exp [M2 ± 
2-3 e\)/kT] cm 2 /sec 

£>(327-1077°C) = 3 x 10* 10 * 1 exp [(-0-3 ± 
0*05 eV)lkT] cm 2 /sec. 


(ii) Diffusion deep inside the crystal 

D( 1077-1277°C) = 10 29±7 exp Mil ± 
2-2) eV/fcT] cm 2 /sec 

D(327-1077°C) = 10" 9±1 exp [(-0*44± 
0-03) eV/AT] cm 2 /sec. 

Although it is difficult to determine the exact 
cause of the difference between his data and 
ours, some of the above numbers appear to be 
erroneous. For example, an activation energy 
of 11-12 eV yeilds a defect formation energy 
of 23 eV (for a combination of barium 
interstitial and a barium vacancy) and seems 
highly unlikely inasmuch as the dissociation 
energy of BaO is only about 10 eV. There is, 
however, a similarity observed in the two 
experimental investigations. In both, a near 
surface effect is observed where the diffusion 
coefficient in the near surface region is seem¬ 
ingly smaller by a factor of about 10 when 
compared with behavior in the bulk. The 
discontinuity in the slope of log D vs. 1/J 
curve occurred in both the cases at about 
1100°C. Anomalously high diffusion coeffi- 
ients were obtained at lower temperatures 
leading to very small activation energies of 
diffusion. 

Cation diffusion in bulk BaO could occur by 
either an interstitial or a vacancy mechanism. 
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In Paper IJ12] equations were developed 
which relate the diffusion coefficient to the 
concentration of the migrating defect, which 
in turn, is dependent on the oxygen partial 
pressure in the diffusion annealing atmosphere. 
It can be shown that irrespective of the specific 
mechanism of incorporation of oxygen in the 
lattice, the diffusion coefficient should be 
dependent on P 0a for a crystal in the intrinsic 
range. 

In the present investigation (see Fig. 3) no 
significant change in the value of D was 
observed as a result of changes in n, from 
2 x 10" 5 atm. to one atm. Three alternative 
mechanisms could explain this result. 

(i) In view of the fact that cation self-diffusion 
in BaO was not influenced by changes in /V 
one is tempted to suggest that the whole 
temperature range of investigation is extrinsic. 
It is possible that there are impurities present 
which have different ionization levels lying 
in the band gap such that different impurities 
control the extrinsic defect levels in different 
temperature ranges, thus causing several 
discontinuities in the slope of the log D vs. 
1/r plot. If this were so, it is very difficult to 
explain the relatively high activation energy 
of diffusion that was obtained for diffusion 
above M50°C. The only heterovalent im¬ 
purities present within spectrographic detec¬ 
tion limits were Fe, Cr and Al (see Table 1). 
To what extent they could control the defect 
concentration is not actually known. 

(ii) Barium self-diffusion could occur by a 
coupled mechanism in which both barium 
interstitials and cation vacancies take part in 
mass transfer (such a mechanism was suggest¬ 
ed by Reddington [9] to explain his diffusion 
results). The total diffusion coefficient D is, 
then, a function of concentrations of both 
barium interstitial and cation vacancy. Since 
changes in the oxygen partial pressure has an 
opposite effect on the respective concentra¬ 
tions of these defects, a condition could be 
obtained for which D will be virtually indepen¬ 
dent of Poa- 

(iii) Oxygen may be incorporated in the 


lattice in a form other than as interstitials or 
at anion sites (leading to concurrent formation 
of cation vacancies). There is some indirect 
evidence for example that oxygen forms 
oxygen molecule ions. ESR studies[15] of 
paramagnetic species adsorbed on the surface 
of MgO have identified the oxygen molecule 
ion as one of the defects on the surface. In 
BaO, the lattice dimensions are more accom¬ 
modating for the existence of such a defect 
in the interior of the crystal. The formation 
of such a defect in BaO is also supported by 
the fact that the stability of peroxides increases 
as one moves through the series Mg, Ca, Sr 
and Ba. Recently Elo and Swalin[16] have 
studied the defect structure of BaO in the 
oxygen excess region of the nonstoichiometry 
by use of X-ray lattice parameter measure¬ 
ments, thermogravimetric measurements and 
absolute oxygen concentration analysis 
measurements in the temperature range 830- 
1400°C. Oxygen was seemingly incorporated 
in BaO lattice as a neutral defect with a small 
negative enthalpy of reaction. 

|o 2 (g) = 0(in crystal)-I-defect. 

The results can be explained semiquantit- 
atively if it is assumed that oxygen goes to 
form oxygen molecule ions. 

The principal conclusion of this work is 
that reasonable activation energies for the 
cation diffusion process are obtained which 
for our samples were independent of oxygen 
partial pressure. The results may be quantitat¬ 
ively interpreted in terms of impurity control¬ 
led diffusion, formation of equal numbers of 
oxygen interstitials and oxygen vacancies 
or as some form of oxygen complex such as 
0-0 pairs. The last possibility is somewhat 
attractive since Ba0 2 is a stable compound 
and crystallographically is a distorted NaCI 
structure in which 0-0 pairs exist. 
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Abstract-The i.r. spectra of synthetic sodalites from 10,000 cm 1 to 400 cm** 1 are presented and 
discussed, and particular note is made of features which bear on the photochromic properties of these 
materials. There is evidence that the high temperature firing process, which develops the photochromic 
response of as-grown material, is necessary in order to remove OH~ radicals from the sodalite cages. 


INTRODUCTION 

Members of the sodalite group of minerals 
are well known for their photochromic proper¬ 
ties, which have been the subject of several 
recent studies [1-3]. Sodalites have an 
aluminosilicate framework structure and the 
photochromic effect has been most widely 
studied in members of the group which have 
the ideal composition 3(NaaO • A1 2 0 3 ■ 
2Si0 2 ) * 2NaCl. However it is also possible to 
make various substitutions, such as Ge for Si, 
Ga for A1 and other halides for Cl, and still 
obtain a photochromic material, although the 
induced colour may be different. The halide is 
located at the centre of the sodalite cage, 
surrounded by four sodium ions in tetrahedral 
coordination, and it has been established that 
the photochromic colouration is due to F- 
centres situated at halide vacancy sites. 
Optimum photochromism occurs in materials 
doped with about 0-5% w/w of sulphur, which 
appears to form a radical which acts as an 
electron donor. Sodalites containing high 
concentrations of sulphur are well known as 
the highly coloured ultramarines. 

There is little published data on the infra¬ 
red spectra of sodalites. Milkey[4] has 
recorded the spectrum down to 660 cm" 1 
of Canadian natural sodalite as well as other 
minerals which have the sodalite structure, 
while Vieme and Brunei [5] give the reflection 
spectra of natural crystals down to about 400 
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cm" 1 . Reflection spectra of synthetic sodalites 
powders have been reported by Avdeeva and 
Vorsina [6]. 

The spectra we present and discuss in this 
paper were obtained as part of a study of the 
photochromic effect in synthetic sodalites, 
and, while there is an obvious overall simil¬ 
arity between some of our spectra and these 
given by Avdeeva and Vorsina, detailed 
comparison is hampered by nonlinearities in 
their wavelength and frequency scales. More¬ 
over their method of synthesis and the degree 
of crystallinity obtained are not made entirely 
clear. 

SAMPLE PREPARATION 

The sodalites used in our experiment were 
grown by the hydrothermal method Samples of 
up to 0*5 gms of crystalline powder were pro¬ 
duced in platinum capsules of 1 *5 ml internal 
capacity heated under pressure in Tuttle-type 
autoclaves using a commerical apparatus made 
by Tem- Press 1 nc. The starting materials, which 
were fine powders of Artalar quality or better, 
were weighed into the capsule, the appropriate 
alkaline solution was added from a hypodermic 
syringe and the capsule was sealed with a small 
arc-welder. The run lasted from 3 to 5 days 
at around 420°C and 550 bars. The auto¬ 
claves were then allowed to cool, the capsules 
opened and the product thoroughly Washed 
and dried. The sodalites were produced as 
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crystalline white powders consisting ofeuhed- 
ral rhombic dodecahedra usually about 25 /xm 
across. Crystals up to about 0-5 mm in size 
could be produced if desired. To produce 
larger crystals, or to synthesize larger 
qualities of sodalite powder, platinum lined 
Morey-type autoclaves [7] with an internal 
capacity of 65 mis were used. According to 
the temperature gradient and concentrations 
employed these could be used to grow larger 
crystals or to produce about 15 gms at a time 
of uniform crystalline powder. 

The products were identified by X-ray 
powder diffraction using Debye-Scherrer 
cameras; all the lines observed were indexed 
to a body centred cubic cell and there was 
usually no trace of any second phase. Analysis 
for halide and sulphur content was carried out 
by X-ray fluorescence or mass spectroscopy, 
and, as a check, a number of samples were 
fully analysed by classical wet chemical 
methods. 

Absorption spectra were usually recorded 
on either of two i.r. instruments, a Perkin- 
Elmer model 21 and a Unicam model SP1200; 
occasional measurements were made on more 
powerful instruments. Powder spectra were 
obtained by conventional methods, the mull 
technique with a hexachlorobuta-1,3-diene 
mulling agent for spectra in the region 10,000 
to 1700 cm" 1 , and the KBr disc technique for 
spectra down to 400 cnr 1 . The KBr was of 
AnaJar quality and typical discs contained 
19-0gms/cm 2 , including 0-38gm/cm 2 of the 
material under investigation; 13 mm dia. 
discs were compressed under 10 tons. 

Evolution of water under heat treatment was 
studied by the technique of thermohygrometric 
analysis (THA)*, in which the sample is 
heated in a stream of argon under temperature 
programmed conditions (temperature rise 
20°C per min.), the water evolved into the 


•These measurements were undertaken by xhe 
Chemistry and Technical Services division of the General 
Electric Co. Ltd., Wembley, England. 


argon stream being continuously monitored 
with an electrolytic hygrometer. 

RESULTS 

1. Hydroxyl bands in the region of 3600 cm~ x 

Spectra in this region are of particular 
interest since the concentration of OH or 
molecular water is believed to strongly affect 
the efficiency with which colour centres can 
be produced; to sensitize as-grown materials 
it is necessary to fire them in an atmosphere 
of hydrogen or inert gas for, typically, one 
hour at 800°C, and during this period there is 
a weight loss of the order of 1 per cent which 
is largely due to loss of hydroxyl groups. 
Hydroxyl enters the lattice from the alkaline 
solution during the growth process and OH 
groups partly substitute for the halide. 

The spectra of single crystals and powders 
show a strong, narrow peak at 3635 ±0-5 cm -1 
(Fig. 1) but in powders this line is partly 
obscured by a much broader peak centred 
at about 3400 cm'" 1 . Both bands can be 
attributed to the deformation oscillations of 
hydroxyl groups, as we shall discuss below. 
They are removed by the firing process, 
during which the rate of loss of hydroxyl is 
sufficiently great to shatter crystals of mm. 
dimensions, or at least to craze them to the 
extent that they become opaque, even when 
the rate of temperature rise is as little as two 
or three degrees per hour. With very thin 
slices, such as the one from which the spectra 
of Figs. 1(a) and (b) were obtained, the degree 
of crazing was sufficiently reduced that 
appreciable scatter occured only at the high 
frequency end of the spectrum. 

Comparison of the powder and single 
crystal spectra, and the fact that the amplitude 
of the narrow 3635 cm -1 line in single crystal 
spectra is proportional to the sample thickness, 
suggests that surface effects are responsible 
for the broad band at 3400 cm -1 , whereas the 
3635 cm 1 line comes from entities incorpor¬ 
ated into the sodalite lattice. The sharpness of 
the 3635 cnr 1 line and the fact that it lies 
close to the wavelength of the main stretching 
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Fig. 1. (a) Absorption spectrum of a 173 fim thick slice 
of sodalite crystal, (b) Absorption spectrum of the same 
sample as for (a) but after being raised to 750°C at the 
rate of 12°C/hr. (c) Mull spectrum of a typical sodalite. 

vibrational line of free, neutral OH (3569 cm -1 
[8]), leave little doubt that it is due to the main 
stretching vibration of unassociated OH" 
groups. With the aid of deuterium exchange 
similar lines have been identified in other 
materials, including zeolites which contain 
the sodalite structural unit. In sodium 
chloride the main OH - absorption line occurs 
at 3654 cm' 1 [9]. The first overtone in sodalite 
is also visible in Fig. 1, at 7060 cm' 1 . 

It is well known that the association of 
hydroxyl groups through hydrogen bonding 
tends to broaden the contour of the absorp¬ 
tion, enhance its intensity and cause a shift to 
longer wavelengths. Thus the broader band 
at 3400 cm -1 is most probably due to adsorbed 
water molecules. However although most of 
this band is removed by drying at ~150°C an 
appreciable fraction remains, and baking at 
400 to 500°C for an hour is necessary to 
completely remove it. A similar phenomenon 
has been observed with zeolites, and Angell 
and Schaffer[10] have suggested that this is 
because some of the water molecules are 
attached not only through the oxygen atom to 
a cation but also through both hydrogens to 


surface oxygens. Additional evidence of the 
importance of surface bonds in our sodalites 
is that this broad band at 3400 cm -1 can be 
generated by grinding the sodalite powder, 
which presumably exposes broken bonds. 
Powder which has been fired can be exposed 
to the atmosphere for many hours and still 
show no absorption in this region, whereas 
the broad band appears immediately after 
only light grinding with an agate pestle and 
mortar. 

The difference between the hydroxyl groups 
responsible for the 3635 cm -1 and 3400 cm" 1 
bands is also apparent in their response to the 
firing process. Whereas the broad 3400 cm" 1 
band is progressively removed as the tempera¬ 
ture is raised up to about 500°C, the sharp 
3635 cm -1 line remains until much higher 
temperatures are reached, the actual tempera¬ 
ture depending somewhat on the particle 
size but lying, typically, between 600 and 
650°C. THA plots of the rate at which water 
is evolved as a function of temperature do in 
fact show two distinct peaks for a typical 
microcrystalline sodalite (Fig. 2(a)). The high 
temperature peak correlates with the dis¬ 
appearance of the 3635 cm" 1 line and the low 
temperature peak with the disappearance of 
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Fig. 2. THA curve of (a) a typical chlarosodalitc powder* 
and (b) the chlorosodalite single crystal from which the 
slice for Figs. 1(a) and (b) was cut. 
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the broad 3400 cm -1 band. The low tempera¬ 
ture peak has a HaiF extending up to about 
50O°C, which is consistent with the behaviour 
of the broad band mentioned above. The 
precise location of the high temperature peak 
is presumably governed by the rate at which 
OH groups diffuse through the lattice and it 
is therefore not surprising that in the TH A plot 
for single crystals of ~3 mm dimension (Fig. 
2(b)) the peak occurs at a much higher tem¬ 
perature than for powders. As expected, no 
significant evolution of water occurs at low 
temperature for such single crystals. 

The total weight loss after a TH A run was 
always greater than the weight of water 
evolved, as calculated from the area under 
the TH A curve. This is not entirely understood 
at present; the discrepancy was thought to be 
too large in most cases to be due to loss of 
fragments of material but might partly be due 
to evolution of sulphur and halide. The 
expected weight loss due to evolution of 
hydroxyl can be calculated from the measured 
halide and sulphur content of the material, 
assuming that those sodalite cages not 
occupied by halide or sulphur originally 
contain an OH“ radical. From the particular 
sample from which Figs. 1(a), 1(b) and 2(b) 
were obtained the expected loss calculated 
this way is MO per cent w/w, corresponding 
to 32 per cent of the cages containing OH 
radicals at an equivalent concentration of 
1-1X KP/cc. This agrees reasonably well 
with the THA result (Fig. 2(b)) if the detection 
of one water molecule corresponds to the loss 
of one hydroxyl. The width of the 3635 cm -1 
line recorded in Fig. 1(b) was limited by the 
spectrometer resolution. Subsequent measure¬ 
ments under a resolution of 1 2 cm" 1 gave the 
true iinewidth as 9*7 cm 1 and a peak absorp¬ 
tion constant of 230 cm -1 (the accuracy of 
these figures may be as low as ±20 per cent 
due to various interpretation^ difficulties). 
From these measurements one can calculate 
an oscillator strength of /~5*10"\ assuming 
that the total concentration of OH" radicals 
contributes to this line, an assumption 


which may not be justified, as we shall discuss 
in the final paragraph of this section. 

Since the photochromic response of sulphur- 
doped sodalite powders develops progressively 
as the firing temperature is raised from about 
500 to 800°C, coinciding with the disappear¬ 
ance of the 3635 cm‘ l hydroxyl peak, it 
seems likely that the sites at which the F- 
centres are formed are some of those originally 
occupied by OH" radicals. This will be 
discussed further in a future publication. 

As we have previously remarked, there is 
considerable similarity between the spectra 
of sodalites and of some zeolites, and a 
sharp line at -3640 cm -1 is shown by Linde 
Molecular sieves X and Y. There are various 
opinions concerning the location of the 
hydroxyl groups responsible for this line; 
Angell and Schaffer[10] suggest the hydroxyl 
groups are formed from proton attack on 
surface oxygens, while Ward [11] considers 
that they are probably located in the zeolite 
supercages, close to the faces of six membered 
oxygen rings. It is generally agreed, however, 
that the OH groups are attached to silicon 
atoms. As with the 3635 cm" 1 line in soda¬ 
lites, this line is only removed by heat treat¬ 
ment above about 600°C. Such similarities 
suggest that the hydroxyl groups in these 
zeolites may also be located within the 
sodalite cages. 

The sodalite single crystal spectra show a 
general increase in transmission over the 
range 3000 cm 1 to about 1400 cm’ 1 on firing, 
and this may also be due to loss of hydroxyl; 
the most noticeable difference is the loss of 
the broad band at 2650 cm" 1 , which is in the 
known water-band region. The weak line at 
2550 enr 1 is probably due to sulphur, since 
it does not occur in the spectra of undoped 
material. This line also disappears on firing. 
S-H vibrational lines are known to occur in 
this region, so there is possibly some substitu¬ 
tion of SH for OH" in sulphur-doped 
material. The several strong lines around 
2000, 1700 and 1430 cm" 1 , which are un¬ 
affected by firing, are due to vibrations of the 
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aluminosilicate lattice, which will be discussed 
in the next section. 

the spectra at longer wavelengths, 

DOWN TO 400 can-' 

Well defined and reproducible peaks occur 
in this region which are due to distortion 
vibrations of the aluminosilicate framework. 
The spectrum of a typical chlorosodalite is 
shown in Fig. 3(a); variation of the halide does 
not significantly effect this spectrum, but 
differences occur on substitution of other 
cations for A1 and Si (Figs. 3(b), 3(c)). 

WAVELENGTH (>jm) 


B (O 12 14 16 18 20 22 24 



Fig. 3. KBr disc absorption spectra of (a) a typical chloro¬ 
sodalite. (b) A chlorosodalite with Ge substituted for Si. 
(c) A chlorosodalite with Ga substituted for Al. (d) A 
hydroxysodalite fired at 800°C for 1 hr. 

The standard firing procedure produces 
little observable change in these spectra, 
indicating that none of the bands are sig¬ 
nificantly perturbed by the presence of 
hydroxyl groups. However when a hydroxy¬ 
sodalite (containing no chlorine or sulphur) 
is fired there are marked changes in the 


spectrum (Fig. 3(d)), which is initially identical 
to that of a halide-containing sodalite. These 
differences result from collapse of the 
sodalite framework structure,, and our X-ray 
diffraction analyses confirm that the product 
is a form of camegieite. Thus it seems that 
the presence of an appreciable halide concen¬ 
tration in normal photochromic sodalite is 
essential to stabilize the lattice when the 
hydroxyl is removed. We have found that, in 
the absence of halide, similar concentrations 
of sulphur also prevent collapse. 

As a consequence of the structural failure 
no F-centres can be generated in fired hydroxy- 
sodalites. However we find that an appreciable 
concentration of F-centres can be produced 
in such materials by firing them in such a way 
that only part of the OH content is removed, 
and the framework structure thus maintained. 

The number of possible vibrations of this 
complex structure, in which the tetrahedrally 
co-ordinated Si0 4 and A10 4 groups are linked 
by shared oxygens, is undoubtedly large, 
and detailed analysis is impossible at this 
stage. The band in the region of 1000 cm" 1 is 
well-known in aluminosilicates [4, 12, 13] and 
thought to be due to stretching modes of the 
Si0 4 and A10 4 groups; movement to lower 
frequencies on substitution of Ge for Si is 
consistent with this idea (Fig. 3(b)). The other 
bands in the spectrum down to 400 cm" 1 may 
be more characteristic of the sodalite structure 
[4,5] and it is thus reasonable that structural 
collapse affects these bands more, as has been 
noted above. However the striking similarity 
between the bands in the region of 700 cm -1 
and bands in the spectra of various natural 
feldspars[14, 15, 16] suggests^ that the 
significant structural groups may not be those 
which uniquely characterize the sodalite 
structure. 
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BAND STRUCTURES OF GaN AND AIN 
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Abstract — Pseudopotential band structures for GaN and AIN are calculated non-empiricaJly by means 
of form factors synthesized from those of C, Ge and Ga in the case of GaN and from SiC and A1 m 
the case of AIN. Good agreement with recent optical experiments is obtained for various gap energies. 


1. INTRODUCTION 

Recent success [1] in the deposition of large, 
single-crystal films of GaN has spurred re¬ 
newed experimental interest in this semi¬ 
conductor. In particular, optical reflectivity 
measurements have been made up to 11 eV 
on both polycrystalline[2] and single-crystal 
[3] films, and the absorption edge has been 
studied[4]. This interest arises from the fact 
that this III-V compound has the large direct 
bandgap more commonly found in II-VI com¬ 
pounds but with, it is hoped, the easier dopa- 
bility of the III-V systems. Thus GaN has 
potential usefulness for u.v. luminescent[5] 
devices and lasers. Similar considerations 
hold for the companion nitride, AIN, which 
has an even wider direct bandgap and, like 
GaN, has the hexagonal crystal structure. 
Room temperature optical absorption data 
[6,7], have been taken on AIN single crystals 
and an OPW band structure has been esti¬ 
mated [8]. 

With new spectral data becoming available 
there is both the need and the opportunity 
for further band structure studies. In the 
present paper full-zone band structures for 
GaN and AIN are calculated by the pseudo¬ 
potential method. However the commonly 
used empiricism, in which the form factors 
(Fourier transforms of the pseudopotential) 
are adjusted to force agreement with experi¬ 
mental bandgaps. is here avoided. Instead, 
the transferability property of the pseudo¬ 
potentials of monatomic crystals is used; the 
form factors of GaN are synthesized from 


those of Ga and of the hypothetical IV-IV 
compound GeC, and the form factors of AIN 
are synthesized from those of AI and of SiC. 
Spin-orbit corrections [9] are neglected be¬ 
cause of the lightness of the constituent 
elements. 

2. METHOD AND CALCULATIONS 
The pseudopotential method used here 
starts with that used by Bergstresser and 
Cohen in their well-known treatments of 
hexagonal [10] and cubic [11] binary com¬ 
pounds. The pseudopotential Hamiltonian 

// = — (fi 2 /2/n)V z -f V(r) (1) 

contains an effective potential which is ex¬ 
panded as a Fourier series in reciprocal lattice 
space. For binary compounds the expansion 
is written in two parts which are symmetric 
and antisymmetric with respect to interchange 
of the two atoms about their midpoint: 

F(r) = 2 [S^GWo^iSHGWa^^ (2) 

The limited summation reflects the feet that 
the effective pseudopotential is sufficiently 
weak, because of cancellation between the 
kinetic and potential energies in the vicinity 
of atomic cores, that only a few Fourier terms 
suffice. The structure and form factors are 
given by [10] 

(3) 

ft » 
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K;* A (12) = f^J |bi( r >- f 2 (r)],2e HC r ^ 3 r 


(4) 


(5) 


This can be simplified through use of the 
transferability approximation for atomic 
pseudopotentials, as discussed by Phillips 
[12]. By writing 


Vo(0 


■ 4 / 


t; { (r)e Gr (Pr , 


( 6 ) 


where ft* is the volume-per-atom of the mona¬ 
tomic solid consisting of atoms of type i\ and 
by assuming that the atomic pseudopotential 
p,(r) is essentially independent of the par¬ 
ticular crystalline environment of the atoms, 
(i.e., neglecting the dielectric screening at 
small G-values), we replace equation (5) by 

v<; SA ( 32) = [n l v ( ;(\)±n 2 v c ,(2)]im l2 . (i) 



The form factors for GaN are synthesized 
from the published form factors of C. Ge and 
Ga as follows. The symmetric form factors, 
Kf/(GaN). are taken equal to those of the 
most closely corresponding IV-IV com¬ 
pound, GeC. This hypothetical cubic system 
would have essentially the same nearest- 
neighbor distance (d = a c ub V^ * 2 00 A, for 
a mean lattice constant <3 cuh = 4-61 A) as has 
wurtzite GaN (d = u hex VS = 1-95 A, for 
Ohe* = 3*19 A). Silicon is not the appropriate 
choice since its nearest-neighbor separation 
is d = 2-36 A. The form factors for GeC are 
compounded graphically from a volume- 
weighted average of those of diamond [13] 
(tfeub * 3-57 A) and of germanium[11] 
(flrub ^ 5*66 A): 

F(G©C) = [ (3*57/4*61 ) 3 K(C) 

+ (5*66/4*61 ) 3 K(Ge)]/2. 

This is shown in Fig. 1 as K v (GaN). The anti¬ 


Fig. 1. Form factors for GaN, as calculated from pub¬ 
lished values for Ga, Ge and C, vs. the reciprocal lattice 
vector normalized with the appropriate cubic lattice 
constant. 

symmetric form factors of GaN are then 
obtained from equation (7); thus 

P'HGaN) = (ft (;a /n« aN )V(Ga) - V^(GaN), 

( 8 ) 

where the volumes-per-atom are = 131-4 
and fto aN = 77-3 a.u. The gallium form factors 
shown in Fig. 1 are the ‘F6’ values of 
lnglesfield[14]. 

The values of V r , s ' A for ‘cubic’ GaN, as 
determined above and plotted in Fig. 1; are 
replotted vs. G* in Fig. 3. This latter figure is 
then used at those values of G 2 appropriate to 
the actual wurtzite structure, as discussed in 
Ref. [10]. 

A similar procedure is used for AIN. How- 
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ever now the corresponding IV-IV system is 
the real compound. SiC. This has a nearest 
neighbor distance of d — 1 *88 A, based on 
a c ub = 4-35 A, while wurtzite AIN, with a h€x *= 
3- 10 A has d — 1-89 A. The volumes-per-atom 
being essentially equal, the symmetric form 
factors K S (AIN) can be taken equal to the 
published values[13] for F(SiC); these are 
shown in Fig. 2. Then equation (7) gives the 
antisymmetric values 

K^(AIN)- (fl A i/OuN) P(A1) —F*(A1N), 

where the volumes-per-atom are fl A1 = 111*3 
a.u. and fl A in = 69-7 a.u., and the aluminum 
form factors are from Animalu and Heine [15]. 
The k^(AIN) values are replotted vs. G 2 in 
Fig. 3, for use at the wurtzite values of G 2 . 

The computer calculation follows that of 
Ref. [10]. The ratio of the wurtzite lattice 
constants is given its ideal value da = 
V8/3 = 1-633, which is an approximation 
since the actual values are da = 5-185/ 
3 189= 1-625 for GaN[l], and c/a = 4-96/ 
3-10—1-60 for A1N[16]. The structure 



Fig. 2. Form factors for AIN, as calculated from pub¬ 
lished values for A1 and cubic SiC. 



Fig. 3. Form factors for GaN and AIN vs. Square of 
reciprocal lattice vector. 


factors of equations (3) and (4) for wurtzite 
are S s { G) = cos [27r{//6 T m/6 4* n/4)] cos(twu) 
and S A (G) — cos[2ir(//6-f m/6 + n/4) ] sin 
(nnu), where the reciprocal lattice vectors are 
G = 27r(/a* 4* mb* + wc*), in terms of the 
primitive translation vectors. Again, the ideal 
value of the wurtzite parameter, u = j, is 
used. The form and structure factors are given 
in Table 1, at the ideal wurtzite values of G, 
As in Ref. [10], all plane waves having ener¬ 
gies |G + k| 2 ss 10 eV forjn the basis set ofthe 
Hamiltonian matrix, and waves of energy 
10 < |G4-k| 2 ^ 27 eV form the perturbation 
set. 

3. RESULTS 

The calculated band structures are shown 
in Figs. 4 and 5. In both compounds we 
find the I\ to be higher than the T* valence 
band edge. For GaN, the fundamental, 
direct bandgaps are calculated to be 3*5eV 
(||) and 3*7eV(±). The average agrees well 
with the various room-temperature experi¬ 
mental bandgaps of 3*4eV[l], 3*5eV[4], 
3*6eV[3] and 3*8eV[2]. The bandgap cal¬ 
culated in the dielectric two-band model [17] 
is 4-8 eV, We calculate the E x =* r gr F*. 
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Table 1. Wurtzile reciprocal lattice vectors, structure factors 
and form factors (in Ry) for GaN and AIN 
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<7* 

|5 S ((7)| 


GaN 

ys yA 
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V s 

V A 

000 

0 

1 

0 





001 
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002 
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0 71 
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-0*31 

0*28 
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0-80 

— 0*29 

0*26 

-0*27 
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0-35 

0-35 
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0*22 
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0 

0 





210 

8 

1 

0 

002 
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0*05 

0*07 

0*04 

0*05 

200 
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* 

0 

0-07 


0*07 
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11 

0 71 

0 71 

0*07 

0-04 

0*07 - 

0*01 
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0 33 

0-80 

0*07 

0-03 
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*0-02 

004 

12 

000 

100 


0*03 

- 

0*03 

202 

13-1 

0*35 

0-35 

0*06 

0*02 

0 09 - 

0*05 

104 

) 4-1 

000 

0-50 


0*01 

- 

0*06 

213 

14-J 

0 
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Fig. 4 Band structure of GaN. The numbers along the bands at the 
various symmetry points denote the irreducible representations 
of the particular point groups. 


gap to be 7-9 eV, compared to 7 0 eV by Van 
Vechtcn; experimentally, Kosicki[2] sees a 
reflectivity peak near 6-8 eV whereas Har- 
bcke[3] sees one at 7*2 at room temperature. 


Reflectivity peaks are also measured at 9*5 
and 10*7 eV. This calculation would assign the 
9*5 eV peak to transitions near symmetry 
points M and/or H , rather than near T for 
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which E’ q = r lf6v r Jf6c is over 12eV here, 
although it is only 9*08 eV in the dielectric 
model [17]. The 10*7 eV peak corresponds to a 
calculated value at point K of E 2B — K 2v —*► 
= 10-5 eV, in agreement also with Van 
Vechten’s[17] value of 10-96 eV, Other values 
calculated here are E 2A — K Sv K 2c = 10-2, 

E[ = r 5v - r 6 , = 13*3, E lwLr = r lv -> h 3c = 

8- 9 eV; the dielectric model[17] values are 

9- 9, 12-2 and 6*4 eV, respectively. The cal¬ 
culated valence band is 23*2 eV wide, (the 
lowest band is not shown in Figs. 4 and 5). 

For AIN the top of the valence band again 
has l\ above r 6t the calculated bandgaps 
being 5-25 eV (||) and 5-4 eV (1), in essen¬ 
tial agreement with room temperature absorp¬ 
tion data[6] of 5*74eV (||) and 5-88eV (1). 
Thus both the ordering and the crystal-field 
splitting of 0*15 eV agree with experiment. 
The dielectric model [17] yields a value for 
this gap as high as 10*4 eV and Hejda’s OPW 
calculation[8] gives a gap of only 2-4 eV, 
although Hejda, too, finds F 1P to be 0*15 eV 
above V 6v . Although the ordering and splitting 


of the V lVffiv bands agree with experiment for 
AIN, this is evidentally not so for GaN 
[3,18]. However, not too much importance 
should be attached to this calculated ordering 
in either case; a slight empirical adjust¬ 
ment in one, or at most two, critical form 
factor is enough to re-order these two valence 
bands without affecting the other bands 
significantly. In fact T lv is the most sensitive 
of all bands to form factor changes. With 
r 6l , above F lp# the band structure of GaN 
would have the connectivity of that of ZnS 
[10]. Other values calculated here for AIN 
are £, = 9-3, = 9*8, E 2B = 10*0, E[ = 14*2 

and E indX = 10-0 eV; the dielectric model[17] 
gives 9-3, 10-0, 11-0, 12*2 and 8*4eV, respec¬ 
tively. The valence band is calculated to be 
22-leV wide, in essential agreement with 
Hejda’s value of 20 eV. 

It is of interest to note that form factors for 
nitrogen can be estimated through the use of 
the present results in the equation il N V(N) — 
ftnaN^tGaN)- F^(GaN)], or in the similar 
AIN equation. We find £I n V(N) = —36*0,0*0, 
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3*0 Ry via GaN, and n w K(N) = — 35*5, 0 0, 
5*2 Ry via AJN, at points K *» 1 -5,2-3 and 2*5 
respectively, which is the important range for 
K. The agreement is a measure of the internal 
consistency. 
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INVESTIGATION OF THE OPTICAL PROPERTIES OF 
Ag BY MEANS OF THIN SEMI-TRANSPARENT FILMS 
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Abstract- The optical constants of thin Ag films are determined from measurements of both their 
transmittance and reflectance. The complex dielectric constant is discussed in terms of intra and inter- 
band transitions, in relation with the film crystallographic structure. The optica) mass of the conduc¬ 
tion electrons is found to be very low, 0-87; their optical relaxation time to depend strongly on the 
film structure and to be smaller than their electrical relaxation time. The absorption due to interband 
transitions is considered, A supplementary absorption band related to film imperfections is observed 
in some cases. Plasma oscillations are also studied in relation with the film quality. 

l. introduction are a i so examined through the optical dielectric 

An investigation of the influence of struc- constant. 

tural defects on the optical and electrical Further experimental results on d.c. elec- 
properties of thin metallic films presents a trical measurements and more thorough struc- 
great interest from both fundamental and tural studies performed on Ag films deposited 
practical points of view. This is particularly in ultra-high vacuum will be presented 
true for Ag films, the properties of which elsewhere [11]. 
often proved to be somewhat different from 
the bulk properties [1]. The interest in Ag 

films recently increased through studies of 2. experiment 

radiative and non-radiative surface plasmons The Ag films under investigation were thin 
and their excitation by light [2], the inter- semi-transparent films with thicknesses rang- 
pretation of the experimental results requiring ing from 150 to 650 A. They were deposited 
an accurate knowledge of the optical constants by evaporation of bulk (99*9% purity) Ag from 
of the films under investigation. On the other tungsten boats in an improved oil diffusion 
hand, detailed energy band computations were pumped system (ultimate pressure: 2* 10“ 8 
recently carried out for Ag[3-10] and allow torr; pressure during evaporation: 5*10“ 7 to 
a better identification of interband transitions 10“ 6 torr). The amorphous substrates (fused 
which participate in optical absorption. silica) were optically polished up to a super- 

This paper presents an attempt at studying smooth finish, then carefully chemically 
the optical properties of thin semi-transparent cleaned; some of them were submitted to a 
Ag films in a wide spectral range, in relation slight ionic cleaning, all were outgased by 
with the conditions of preparation and the heating under vacuum. All the films investi- 
crystallographic structure of these films, gated here were deposited on substrates at 
Section 2 describes the experimental pro- room temperature, as the vacuum system did 
cedures and Section 3 briefly comments on not allow to solve the contamination problems 
the results of structural studies by electron arising during deposition at low temperature, 
microscopy essentially. In Section 4, the Different deposition rates, from 10 to 200 
optical data are discussed in terms of intra- A/s, were tested. After their deposition, the 
and interband transitions. Plasma oscillations films were annealed in the same vacuum (a few 
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10" 7 torr), the annealing process being con¬ 
trolled by simultaneous measurements of 
the d.c. electrical resistance by a four point 
method[ll). 

The optica! measurements were performed 
in air, as rapidly as possible, on a Cary 
14 spectrophotometer fitted with a V-W 
absolute reflectance attachment. Both the 
transmittance T and reflectance R of the films 
at normal incidence were measured from 0 2 to 
2*5 \l (6*2 to 0*5 e V). The real in) and imaginary 
( k ) parts of the complex index could thus be 
computed at each wavelength, provided that 
the film thickness d was known independently. 
This was achieved by using a method based 
on interference between X-rays reflected at 
grazing incidence on the two film surfaces 
[12, 13]. As this method is insensitive to the 
film structure and requires only flat and 
smooth parallel surfaces, its accuracy was 
very good, better than 1 per cent, in all cases. 

This method of determining n and k from 
R and T is direct and accurate in general [14]; 
the results are exactly corrected for multiple 
reflections inside the transparent substrate, 
by successive approximations. However, it 
has been shown [15-18] that, for some com¬ 
binations of n, k and d/k , experimental errors 
on R and T have a very critical influence on 
the determination of n and k (especially of n). 
For this reason, for most of the Ag films, it was 
impossible to find any solution (n<k) corre¬ 
sponding to the experimental data (R,T) 
between 4 and 4 5 eV. As this spectral region 
precisely corresponds to the onset of inter¬ 
band transitions, any interpolation was 
difficult. Therefore, another method of com¬ 
puting n and k was tried in this critical region. 
It consists in determining n, k and d from R, T 
and Sr (or T and Sr) at three consecutive 
wavelengths, the phase changes S fl and S T 
being related to the experimental R and T 
respectively by the Kramers-Kronig dis¬ 
persion relations [19], This method gives 
results in close agreement with those of the 
usual (/?, T) method outside the critical 
region. 


3. FILM STRUCTURE 

The crystallographic structure of the Ag 
films was thoroughly investigated by means of 
X-ray and electron diffraction, and electron 
microscopy. These films are polycrystalline 
but continuous (for thicknesses as low as 150 
A); they are monocrystalline in thickness.* 
The grains are approximately oriented with 
their (111) compact planes parallel to the sub¬ 
strate surface, but there is no preferred orien¬ 
tation in the plane of the film. The best films 
had large (0*2 to 2/x) crystallites almost free 
of defects but still containing dislocations, 
separated by small areas of small (500 to 
2000 A) crystallites presenting a large amount 
of twin crystals and stacking faults. (Fig. 1). 

The size and orientation of the crystallites 
strongly depend on the conditions of the film 
preparation, as well as the nature and amount 
of defects. It has been shown[11] that the 
recrystallization of the films is very sensitive 
to the surface state of the substrates (tempera¬ 
ture, defects...) and to the presence of 
impurities, and that its mechanism is rather 
complex. In the present experiments, regularly 
recrystallized films free from structural 
defects (especially twin crystals) could not be 
obtained; it was noticed that holes appeared 
in the films during annealing before the 
recrystallization was achieved. 

However, these films provecTto be suitable 
samples for optical studies, mainly because of 
the quality of their surfaces. Investigation of 
the X-ray interference fringes [20] showed 
that the two surfaces limiting the films were 
parallel, and as flat and smooth as the sub¬ 
strate surface. Replicas of free surfaces 
showed the additional presence of steps (only 
a few A high) along grain boundaries and twin 
crystals. Optical measurements confirmed the 
great smoothness of the film surfaces, (see 
Section 4). 

Superficial contamination is of some impor¬ 
tance in Ag[21]. It was shown that the con¬ 
tamination, which appears as isolated round 

*i.e. the grains have the same thickness as the film. 




f 





Fig. 1 . Electron transmission micrograph of a 645 A Ag film. 
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black spots on transmission micrographs, 
starts very slowly; it was practically non¬ 
existent throughout the optical measurements. 
It was identified as cubic (a) Ag^, and shown 
to occur first along grain boundaries and twin 
crystals. After a few weeks, the contamination 
layer became continuous and the monoclinic 
phase of AgjS could be observed. 

As mentioned above, the d.c. electrical 
resistivity p e of the films was recorded during 
annealing in order to control the recrystalliza¬ 
tion process. The value at room temperature 
was used to give additional information on the 
conduction electrons. The best films in the 
present series of experiments had a resistivity 
close to 2 ^tilcm when their thickness was 
larger than 300 A; the resistivity increased 
when the thickness decreased (3 pXlcm for d = 
200 A). The resistivity is of course very sensi¬ 
tive to the film structure. An interpretation of 
electrical data on Ag films in the framework 
of Fuchs' theory will be given elsewhere [11], 


4. OPTICAL PROPERTIES 

The mean values of n and k for welF 
crystallized Ag films from 0*2 to 0*6/it are 
shown on Fig. 2, together with the data of 
Huebner etaL[ 1 ]. The uncertainty is a few per 
cent on «, 1 per cent on k. The present values 
are in qualitative agreement with those of 
Huebner et al , but n is systematically larger. 
At higher wavelengths, where the optical 
properties are dominated by the conduction 
electrons, n and k vary with the film structure. 

The discussion of the optical results will 
be conducted on the complex dielectric con¬ 
stant c = c, 4* i€ 2 = (n + ikf. Different pro¬ 
cesses will be considered: 

— at energies smaller than the onset of inter- 
band transitions hv h the absorption must be 
due to intraband transitions of the conduction 
electrons only. The results between 0*5 and 
3 5 eV will be tentatively analysed along the 
lines of the Drude theory, possibly corrected 
for anomalous skin effect. 



Fig. 2. Plot of n and k vs. energy for Ag films: (+) present 
work; (■) Huebner et al. (1964). 
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—at energies higher than hu iy the absorption 
is also due to interband transitions. Their con¬ 
tribution to < 2 is obtained by subtracting from 
the experimental value of e 2 the contribution 
of intraband transitions computed through the 
Drude formula according to the analysis of 
the i.r. data. 

— in some cases, an unexpected additional 
absorption is observed* which will be related 
to the presence of defects. 

Although in the present experiments, 
plasma oscillations cannot be excited directly, 
information can be deduced from c and from 
the energy loss function Im(l/6). 

It must be emphasized that the measured 
optical properties of the Ag films are not 
altered by any surface effect, like light scatter¬ 
ing or surface excitations. In particular,except 
in the case of a few poorly crystallized films, 
direct excitation of surface plasmons with the 
help of surface roughness was never observed. 
Figure 3 shows R(k) for films of various 
thicknesses, and a curve R M (k) which repre¬ 


sents the reflectance of the corresponding bulk 
material, computed from the values of n and k 
for each film by: 

„ («-l) 2 + * 2 

(n + n*+F- 

A reflectance curve obtained by Stanford 
et al. [22] on a rough opaque Ag film is also 
shown. No depression around 3500 A can be 
seen on the present curves. Our very thin 
films are claimed to present the smoothest 
available Ag surfaces, even better than the 
surfaces of thick opaque films [23], in which 
the steps along grain boundaries grow higher. 

4.1 Intraband transitions 
The optical behaviour of the conduction 
electrons is characterized by two microscopic 
parameters: their optical effective mass m 0 
and their optical relaxation time r 0 , or 
the corresponding wavelengths k 0 = (7rm 0 c 2 / 
Ne 2 Y 12 (N is the number of conduction elec- 
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Fig. 3. R eflec»™ce curves for Ag films of vwous thicknesses; for the corresponding bulk 
material (/?*); for a rough opaque film (+) (after Stanford et al. (1968)). 8 
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trons per unit volume, taken to be equal to the 
number of atoms per unit volume) and X r *» 
27tct 0 . As in the conditions of the experiments, 
urr > 1, the Crude relation can be written in 
the simple form: 



(P being a constant polarization term). Such a 
behaviour of €, and e 2 in the i.r. was generally 
observed indeed; therefore, the €, vs. X 2 varia¬ 
tion was used in order to determine mo, then 
T 0 was deduced from the variation of ejk 
vs. X 2 . 

However, the experiments are performed 
in the conditions of anomalous skin effect: 
the penetration depth of the light 8 and the film 
thickness d are of the same order of magnitude 
as the mean free path /. The interaction of 
light and electrons must then be reevaluated. 
It has been shown [24] that the value of m 0 
deduced from the Drude analysis is still valid, 
but that the value of t 0 must be corrected by 
a term which involves the scattering parameter 
p of the conduction electrons on the surfaces, 
and depends on the ratio d/8. This corrective 
term vanishes when p = 1 (perfectly smooth 
surface); when p ^ 1 (partially scattering 
surface), the true relaxation timer' (accounting 
for bulk scattering by phonons and defects 
only) is larger than the apparent Drude relaxa¬ 
tion time, since part of the scattering is due to 
surfaces. Unfortunately, p is not known a 
priori. Therefore the analysis of the optical 
data in the i.r. cannot yield more than a rela¬ 
tion between r 0 ' and p . 

For comparison with these optical results, 
a value of the electrical relaxation time r e was 
deduced for each film from the measured d.c. 
electrical resistivity at room temperature p e , 
by means of the free-electron relation: 

_ 1 m 
Te ~ PeTTP- 

In this determination, m was taken to be equal 
to the bare electronic mass. As the film thick¬ 


ness d is of the same order of magnitude as the 
electron mean free path, this value of r e has to 
be corrected for size effects, by using the 
Fuchs* theory [11]. Here again, only a rela¬ 
tion between the true electrical relaxation 
time r' e accounting for bulk scattering only and 
the scattering parameter p can be established 
by means of this theory. 

We have however some idea of the value of 
p for our Ag films. Measurements of the film 
resistivity as a function of temperature were 
shown [11] to allow a determination of both p 
and the residual resistivity due to bulk defects 
only, p was found to be close to 0-5 for Ag 
films prepared in the same conditions (the only 
difference consisted in using an ion pumped 
ultra-high vacuum system) and having the 
same crystallographic structure as the films 
of the present work. The film surfaces are thus 
partially specular for the conduction electrons. 

4.1.1 Optical mass. For most of the Ag 
films under investigation, it was found: m„ = 
0-87 ± 0-01. This value was not very sensitive 
to the crystallographic structure of the films. 
No systematic variation with the film quality 
was observed, but the lowest values of mo 
were obtained for the best films. 

The quoted value of mo is surprisingly low 
compared to either previous experimental 
values: 0-97[25], 1-03[26], or values computed 
from energy band calculations: 1*01 [10], 
0-95 [7]. It is in closer agreement with the 
values recently determined for thick films by 
Hodgson[27]: m 0 = 0-89 from internal reflec¬ 
tion measurements, m 0 = 0-935 from external 
reflection measurements. The same author 
found a similar discrepancy between internal 
and external reflection results for Au films [28], 
the lowest (internal) value of mo being also in 
close agreement with the value (0-94) obtained 
for thin semi-transparent Au films in experi¬ 
ments similar to those performed in the 
present work [29]. 

One may argue that the discrepancies 
between various experimental results come 
from differences in the sample structures. 
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mainly in the sample surfaces, the quality of 
which is very important in experiments using 
reflection measurements only. The present 
value of mo is claimed to be valid since the film 
surfaces are very smooth indeed, and more¬ 
over since m 0 is mainly determined by the 
transmittance measurements. The presence 
of numerous structural defects in the films 
(grain boundaries, twin crystals...) does not 
seem to affect the value of m 0 ; according to 
the results obtained for Au, the defects would 
rather give rise to an enhancement of the 
optical mass [29], 

The optical effective mass m {) is related to 
an average of the electron velocity over the 
Fermi surface: 

m °' > = 12wW J Vf dSt ' 

The Fermi surface of Ag departs markedly 
from a sphere in the (111) directions where it 
contacts the Brillouin zone boundaries (30- 
32). The electron velocity, which is related 
to the gradient of energy in k space, varies on 
the Fermi surface. It is considerably lower 
on the ‘necks’ in the (111) directions than on 
the nearly spherical ‘belly’; for example, from 
energy band calculationsflOl, the average 
Fermi velocities on the necks and on the 
belly are found to be 0-8 x 10* and 1 -38 x 10* 
m/s respectively. A theoretical calculation of 
the optical mass ought therefore to take 
exactly into account both the shape of the 
Fermi surface and the distribution of electron 
velocity over the Fermi surface. The values of 
/Wo determined so far from energy band cal¬ 
culations are equal to or smaller than I: /n 0 = 
1*01 it0*03 (10); mo = 0-95 ±0-05 [7]. It is not 
unlikely that a more accurate knowledge of 
the Fermi surface properties in ail directions 
of k space might lead to values of m 0 closer to 
our experimental value of 0-87, (A many-body 
enhancement of the optica! mass, due to 
electron-electron and electron-phonon inter¬ 
action, would not have to be considered, as it 
seems to be very small for Ag, of a few per 


cent only [10, 33]). It must also be reminded 
that our experimental value corresponds to 
films presenting a strong preferred orientation, 
the (111) planes being parallel to the film 
surfaces. This may affect the measured value 
of m 0 , by making only limited areas of the 
Fermi surface effective’ for the interaction 
of the electromagnetic field and the conduction 
electrons. 

It seemed interesting to compare the optical 
effective mass n% to the thermal effective 
mass m u which is also related to an average 
of the electron velocity over the Fermi sur¬ 
face. One finds m t = 1*01 for Ag[34]. There¬ 
fore the thermal mass is greater than the 
optical mass, their ratio being equal to 1*16. 
According to simple arguments which do not 
take into account many-body effects (these 
effects, mainly the phonon-dressing, may 
modify appreciably m t ), one can write[35]: 



5/ being the area of the sphere having the 
same volume as the actual Fermi surface of 
area S F . and () F meaning the integral over 
the Fermi surface. The ratio m,/m 0 thus 
depends on one hand on the distortion of the 
Fermi surface and its areas of contact with the 
Brillouin zone boundaries, on the otherhand 
on the anisotropy of the Fermi velocity dis¬ 
tribution. As S F IS F ° is slightly smaller than 
1 H0J, our result would confirm the strong 
anisotropy of the velocity distribution. It must 
be noticed that the value of the ratio m t lm 0 
determined for Au in similar experiments is of 
the same order as for Ag (M6). This empha¬ 
sizes the similarity between the properties 
of noble metals. 

4.1.2 Relaxation time. The optical relaxa¬ 
tion time r 0 as deduced by means of the Drude 
formula was found to be extremely sensitive 
to the crystallographic structure of the film. 
It decreased drastically for poorly crystallized 
films with small grains and a large amount of 
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defects, twin crystals and dislocations 
(especially for films deposited at low deposi¬ 
tion rate or not annealed). A similar behaviour 
was observed for the electrical relaxation 
time r e ; the variation of r e with film quality 
was however less important than the variation 
of r 0 . 

As emphasized earlier, both true relaxation 
times, accounting for bulk scattering only, 
depend on the assumed value of the scattering 
parameter on the surfaces p, accounting for 
surface effects. From the analysis of the 
variation of the film resistivity with tempera¬ 
ture [11], it seemed that the value of p was 
about the same (close to 0-5) independently of 
the film structure, which means that the reflec¬ 
tion of the conduction electrons by the sur¬ 
faces would remain partially specular even 
when the amount of defects inside the films 
increases. Therefore, grain boundaries and 
defects inside the grains, like twin crystals 
and dislocations, would play the major role in 
the decrease of r 0 and r e when the film quality 
deteriorates. 

For each film, the values of the optical and 
electrical relaxation times were compared. It 
was found that r’ e was systematically larger 
than t', whatever the assumed value of p 
(between 0 and 1) might be; the ratio 
increased when the assumed value of p was 
increased. For example, for a 279 A film: 

(^-j^Drude 33 '0 fJL , p# 2*34 pflcm 

if p = 1, r' = 1 *75 X 10 _14 sec; r' e = 2-47 x 10 _u 
sec; Tp/ri = 1-41 

if p = 0*5, = 2*29 x 10-“ sec; r ; = 3-38x 

10~ 14 sec; = 1-47 

ifp = 0, T ; = 3*33 X 10“ 14 sec;r; = 5*80 X 10“ 
sec; t'/t' = 1 -74. 

(It must be emphasized again that, in the 
analysis of the optical data, an effective elec¬ 
tronic mass, equal to the optical mass deduced 
as explained in 4.1.1., was assumed, while in 


the analysis of the electrical data, the bare 
electronic mass was used). 

For most films, assuming p = 0*5, r£/r' was 
comprised between 1*4 and 2. It was not 
possible to find a clear relation between these 
values and the film quality. A similar result 
was already obtained on bulk electropolished 
Ag samples [26] (surface effects were not 
taken into account): r 0 = l*6x 10“ 14 sec; 

3*7 x 10“ u sec; tJt 0 = 2*3. If the optical data 
are claimed not be modified by light scattering 
(either bulk — through inhomogeneities—or 
surface scattering), it must be deduced that 
the conduction electrons have different relaxa¬ 
tion times when submitted to a static electric 
field and to a high frequency electromagnetic 
field. 

It must however be noticed that the optical 
and electrical data give a direct measurement 
of the optical and electrical conductivities, 
and not of the corresponding relaxation times. 
These two conductivities involve different 
average values of the relaxation time over the 
Fermi surface. The discrepancy between the 
measured optical and electrical conductivities 
might thus simply be due to the anisotropy of 
the relaxation time over the Fermi surface [36], 
which would depend on the nature and amount 
of scattering defects in the films [29]. 

For some films, c 2 did not exactly behave 
according to the Drude theory, but rather as: 

eJ\ = Ak 2 + B 

B being a constant, the value of which was 
comprised between 0 and 1 pT l , The 
unexpected B term was also observed in thin 
Au films and was interpreted as showing a 
frequency dependence of the relaxation time, 
probably due to electron-electron interaction 
[29J. As in the case of Au films, the ratio of 
t c /t 0 was found to be smaller (~ 1 *2) for these 
films. But the presence of non-zero B term 
could not be definitely related to the poor 
structure of these films. 

It was hoped that the study of Ag films, for 
which the onset of interband transitions occurs 



2040 


MARIE-MARTINE DUJARDIN afld MARIE-LUCE THEYE 


at high energy (~ 4 eV), (the optical properties 
being thus due to conduction electrons only 
up to high energies) could give more informa¬ 
tion about the optical behaviour of the con¬ 
duction electrons, especially with respect to a 
possible variation of their relaxation time with 
frequency. Unfortunately, no definite inter¬ 
pretation can be deduced in this respect from 
the present work. 

4.2 Interband transitions 
Figure 4 shows the variation with energy of 
the total optical absorption € 2 /A (1) in the inter¬ 
band transition range; the Drude contribution 
of intraband transitions (2) and the contribu¬ 
tion of interband transitions only e 2 (0 /A (3) 
are also indicated (notice the constant term B). 
In general c 2 u VX does not depend on the film 
structure for /iv>4eV, it is only slightly 
decreasing for films with very small grains 
(-500 A). 

4.2.1 

The absorption edge is very steep and 


approximately linear with energy near the 
onset of interband transitions. The energy 
onset could thus be accurately determined: 

hvi — 3 *86 ±0*01 eV. 

It does not depend on the film structure. 

The difference in shape of the absorption 
edge of Au and Ag is very striking; it is more 
easily seen by comparing the quantities: 
J{hv) = (/iv) 2 € 2 <0 , which are proportional 
to the joint densities of states of Au and Ag 
(Fig. 5). In both cases, according to energy 
band calculations, the interband transitions 
of lowest energy are expected to occur from 
the top of the filled d-bands to the conduction 
band at the Fermi level in the vicinity of L. 
However, piezo-optical measurements on Ag 
single crystal [37] seem to show that transi¬ 
tions between conduction bands at L (L * —» 
L ,) also contribute at nearly the same energies 
in Ag, in agreement with the results of energy 
band calculations. Recent optical measure- 
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ments as a function of temperature definitely 
prove the composite nature of the absorption 
edge in Ag; an absorption band probably due 
to Lt~* L x transitions, which cannot be 
detected at room temperature, clearly sepa¬ 
rates and moves to lower energy on increas¬ 
ing temperature [38]. 



Fig. S.J(hv) — (hv) 2 c t w foT Au and Ag. 


The present results are difficult to interpret 
in terms of precisely located interband transi¬ 
tions. The steepness of the edge could be 
related to some exciton-like effect between 
the excited electron and hole[37], or simply 
to the flatness of the d-band [40]. The bump 
observed in € 2 (i) (L) at about 5-6 eV cannot 
be due, as sometimes suggested, to transitions 
from the bottom of the d -band to the Fermi 
level, since the width of the d-band is approxi¬ 
mately 3-5 eV[41J. According to energy band 
calculations, it would rather correspond to 
A'j —* X' t transitions, which however are 
expected to be faint. 


4.2.2 

Below the onset of interband transitions, 
an absorption tail is observed, as shown in Fig. 
4. This tail is approximately exponential, its 
intensity is smaller and it extends over a larger 
energy interval than in the case of Au[29]. It 
could be attributed to an Auger broadening 
of the absorption edge, due to the finite life¬ 
time of the hole created at the top of the flat 
narrow d-band. 

4.2.3 

It must be emphasized again that, due to 
the smoothness of the film surfaces, for most 
films there is no excitation of surface plasmons: 
the e 2 curves do not show the small bump at 
about 3-6eV characteristic of this excitation 
[42]. 

4.3 Supplementary absorption band 

For some poorly crystallized films, the 
optical absorption curves ejK display an 
anomalous bump at about 1 -5 eV, as shown on 
Fig. 6. This supplementary absorption band, 
which is located well below the absorption 
edge, is always centered at approximately 
the same energy (l-5eV) and its intensity 
increases with the amount of defects in the 
films. It must be related to the presence of 
some point defects or impurities, introducing 
localized energy levels. But an identification 
of these centers was not possible. 

4.4 Plasma oscillations 

Information on plasma oscillations can be 
gained from the optical dielectric constant. 
The plasmon frequency o> p is such that: 

= 0 with (dip) <4 1. 

On the other hand, the energy loss function 
Im(l/e) =e 2 /e, 2 + e 2 i must have a resonance 
peak at d v . 

These conditions were simultaneously 
verified for all films at ha> t> = 3-77±0-Ql eV, 
as shown on Fig. 7 for a 431A film (e* ~ 0*35). 
This dp value is much smaller than the value 
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Pig 6. «j/X between 1 and 4 eV: ( 1 ) for a well crystallized film; (2) and (3) 
for poorly crystallized films, showing supplementary absorption bands. 


which would correspond to a free electron 
gas of the same density as the conduction 
electron gas in Ag, = 9-2 eV). This is 

due to the existence of interband transitions; 
these collective oscillations are rather due to 
a hybrid resonance of both d and s-p con¬ 
duction electrons [36]. 

The width of the peak in Im(l/€) is related 
to the damping of the conduction electrons, 
i.e. to € 2 (o> p ). It was indeed observed that the 
width of the peak increased, while its intensity 
decreased drastically, for poorly crystallized 
films; at the same time, the value of € 2 at co p 
(just below the absorption edge) increased, 
However, in contradistinction to the results 
of Schroeder[43], no variation of a>„ with the 
film structure was detected. Such a variation 
in Schroeder* s experiments could be due to a 
decrease of € 2 (0 in the case of films with very 
small crystallites. Indeed, € x can be written 
as follows: 

= 1 + (€ 0 —lj+e/ 0 -^- 


where (€„ - 1) accounts for the core polariza¬ 
tion and €, u \ the polarization term due to inter¬ 
band transitions, is related to € 2 (0 by a 
Kramers-Kronig relation: 



<o'e 2 “ } (a>') 


d<y' 


<x) p satisfies e/ 0 = 0 so that: 


0>o 

^-(T+^-O+^WP- 

If € 2 <0 decreases, €, (0 (<i>p) decreases too, and 
co p increases. 


5. CONCLUSION 

The purpose of the present work was to 
determine the optical properties of thin Ag 
films and to investigate the influence of their 
crystallographic structure on these properties. 

Obtaining well crystallized Ag films with 
large enough grains and a small amount of 



THE OPTICAL PROPERTIES OF Ag 


3043 



Fig. 7. 6 2 and Im (1/c) in the vicinity of the plasma 

frequency <«j p for a Ag film. 


defects proved to be rather difficult. Improve¬ 
ments are expected from depositing the films 
in ultra-high vacuum at low temperature[11]. 
However, the film surfaces were certainly 
flatter and smoother than the surface of usual 
optical samples, which is important in order 
to prevent surface effects. 

The optical results can be summarized as 
follows: 

-a low value of the optical mass, independent 
of the film structure, was found: m 0 = 0-87. 

— the optical relaxation time strongly depends 
on the film structure, and is always smaller 
than the electrical relaxation time: i>/r 0 ~ 2. 
-the onset of interband transitions was 
accurately determined: hv { — 3*86 eV. 

— in some cases a supplementary absorption 
band was observed, peaking at l*5eV, 
certainly related to the presence of impurity 
or defect centers. 

— no displacement of the plasmon frequency 


(hto> p = 3*77 eV) with film structure was 
observed, only a damping of the resonance 
peak in Im(l/e) for poor films. 
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R£sum6- Les cristallites de lithium formas par irradiation aux neutrons thermiques dans le ftuorure de 
lithium sont utilises comme 6ch anti lions tres purs de lithium. La variation thermique du spectre 
R.P.E., £tudiee de I’ambiante a 300°C, montre que ia fusion s'accompagne d’un 6largissement des 
raies de 0,2 G. D'autre part, la largeur de raie augmente tr£s rapidement avec la temperature dans la 
phase liquide. On discute des divers mecanismes de relaxation possibles expliquant les £largissements 
observes. 


Abstract — Relaxation time measurements have been made on samples of n-irradiated lithium fluoride, 
which contain very pure particles of lithium metal. Thermal variation of C.E.S.R. line-width exhibits 
a broadening of 0-2 G at the melting point. In liquid state line-width increases very rapidly with 
temperature. These results are different from the results obtained by others on sodium. Several 
relaxation process are discussed. 


INTRODUCTION 

Ce sont les alcalins legers (Li,Na, K) qui, 
historiquement, ont permis la mise en evi¬ 
dence de la R.P.E. des electrons de conduc¬ 
tion. Dans le cas de ces metaux simples, pour 
lesquels les temps de relaxation longitudinal 
et transverse sont egaux (7, = 7 2 ), deux 
grandeurs physiques sont interessantes: le 
temps de relaxation spin-reseau 7, et le 
‘ff-shift\ Dans le cas du lithium, la deter¬ 
mination du g-shift pose de nombreux pro- 
blemes, tant au point de vue theorique[2, 24], 
qu’experimentalfl, 23]. Ce travail se propose 
d’etudier le 7,, c’est a dire les mecanismes qui 
etablissent le contact thermique entre le sys- 
teme de spins eiectroniques et le reseau. 

Plusieurs etudes th^oriques, anterieures 
aux experiences, ont trait6 ce probl&me[3,4], 
La plupart des mecanismes envisages pour 
ia relaxation de spin conduisent h des temps 
7 t relativement longs pour le lithium 
(7, > 10 ~*s). 

L’etude exp6rimentale s’est faite en plu¬ 
sieurs etapes directement reliees aux progres 
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realises dans la preparation du metal; alors 
que les premieres etudes [5] ont montr 6 que 
les impuretes determinaient la relaxation, un 
travail plus recent [6] a prouv£ Texistence 
d une relaxation par la surface dans le cas 
de particules de lithium tres pures et tr£s 
fines (queiques centaines d’A). 

Or il existe des 6chantillons de lithium par- 
ticulierement purs: les amas metalliques qui 
pr6cipitent au sein de cristaux de LiF forte- 
ment irradies aux neutrons thermiques [7]. 
La resonance eiectronique de ces amas est 
connue depuis longtemps[8] et a dej& permis 
d’obtenir diverses informations: 

— valeur de la probablite de presence de 
reiectron sur le noyau Li 7 par des exper¬ 
iences d'effet Overhauser[8]: le rapport de 
cette probablite sur un noyau m^tallique k 
la probablite sur un atome neutre est de 0,44. 

— mise en evidence par Watts et Cousins de 
plusieurs mecanismes de relaxation dans la 
phase solide par retude de la variation ther¬ 
mique de 7J9]. Ces auteurs distinguent trois 
termes: Ai/mt intrinseque du lithium et Un- 
6aire en fonction de la temperature, AH, 
lie a la relaxation superficielle, independant 
de la temperature a haute temperature et qui 
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augmente k basse temperature lorsque le 
libre parcours moyea devrent de I ordre de 
grandeur des dimensions de la particule, 
A// r lie aux defauts et impuretes fixes et 
independant de la temperature. Alors que 
A//, Dl est identique pour tous les cristallites, 
A// f et A H c sont tr£s variables suivant Pechan- 
tillon. 

La variation thermique de ces divers termes 
est rappeiee sur la Fig. I, reproduce de 
Particle de Watts et Cousins. 

Toutefois, pour ces echantillons, se pose 
un probieme d'identification des spectres car 
piusicurs types de defauts agglomeres coexis¬ 
tent apr6s Pirradiation. Ces defauts sont 
essentiellement de deux sortes: 

(1°) les plaqucttes a deux dimensions 
form6es de un ou deux plans atomiques de 
Li. parallels aux plans {100} et dont les 
dimensions laterales varient autour de quel- 
quesdizainesd’A. 

(2°) les cristallites de lithium, de plusieurs 
centaines d’A de cote et de structure definie 
c.f.c. (structure anormale) suit c.c. (structure 
normale). Par contre, leurs dimensions varient 
au sein d’un meme echantilion. 

Ces problemes li£s a Pinhomogeneite des 
Echantillons, tant au point de vue de la nature 
des defauts que de leurs dimensions, peuvent 
nEamoins etre resolus grace a des traitements 
thermiques appropries des cristaux irradies. 

En effet ces divers amas evoluent par recuit. 
Une Etude simultanee par plusieurs tech- 
niques[10, 13], en particulier diffusion des 
rayons X , piA.T.D. (microanalyse thermique 



Fig. !. Variation thermique des divers lermes de l analyse 
de Watts et Cousins (figure reproduce de leur article). 


differentielle) et R.P.E., a montre qu’aprEs 
une phase de recristallisation (150°C a 
200°C) la taille des cristallites croit pro- 
gressivement entre 450 et 750°C, tempera¬ 
ture a laquelle ils disparaissent. Par contre, 
apres une phase de croissance dans toutes 
leurs dimensions, les plaquettes disparaissent 
completement a 500°C. 

Nous rapportons ici les resultats d’une 
etude de la variation thermique du temps de 
relaxation dans la zone de temperature 
ambiante — 300°C qui permet done d’observer 
pur le lithium: 

— la phase solide jusqu'a I 80°C, 

— la fusion. 

— la phase liquide de 180°C a 300°C. 

En ce qui concerne la phase solide nos 
resultats sont en excellent accord avec ceux 
de Watts et Cousins[9). De plus, nous avons 
observe, d'une part un elargissement de la 
raie de 0,2 G caracteristique de la fusion du 
lithium et d’autre part, un Elargissement 
progressif, tres important et reversible de la 
largeur de raie au cours du chauffage dans la 
phase liquide. 

P ARTIE EXPERIMENT ALE 

Les echantillons que nous avons utilises 
etaient des lameiles de LiF fournies par 
Harshaw, de quelqules dixiEmes de mm 
d epaisseur, irradiees tres fortement aux neu¬ 
trons thermiques (dose voisine de 10 19 /t th / 
cm 2 ) au Centre d’Etudes Nucleaires de 
Grenoble*. Le flux etait de Pordre de 
10 l3 ^th/cm 2 i et la temperature variait 
suivant les series d'irradiation entre -100°C 
(lorsque les echantillons etaient refroidis 
extErieurement par de Pazote liquide) et 
+ 100°C (sans precautions particulieres). 
De toute fa^on, Petat des cristallites apres 
recuit des echantillons a 600°C est assez 


Nous tenons a exprimer nos vifs remerciements a 
Monsieur Doulat (C.E.N.G.) qui nous a dohne toutes 
facihtes pour effectuer plusieurs series d'irradiation. 



LITHIUM LIQUIDS 


2647 


indi pendant de leur temperature de formation. 

Nous avons utilise un spectrometre Varian 
type 4502. Les experiences ont consiste a 
porter Techantillon a des temperatures crois- 
santes a I’interieur de la cavite resonante, k 
1’aide de I'accessoire a temperature variable 
Varian (qui permet d’atteindre la tempera¬ 
ture de 300°C, et possEde une resolution en 
temperature de 1 °C), et k observer le spectre 
R.P.E. aces diverses temperatures. 

II faut rappeler que les raies de resonance 
de ces particules metailiques ont des formes 
anormales et sont en realite la superposition 
de diverses raies de largeurs differentes[ll]. 
Neanmoins, il est facile (cf. Appendice) 
d'analyser ces raies et de suivre leur evolu¬ 
tion en etudiant par exemple les nombres sans 
dimensions N G et N :i definis sur la Fig. 6. 
Les valeurs de ces nombres pour une raie 
lorentzienne ont Ete appelEs N e(i et N 3L . 

Les resultats de nos mesures sont rassem- 
bles sur les Figs. 2 et 3. La Fig. 2 reprE- 
sente la variation de la largeur pic a pic et des 
nombres N (i et N 3 caracteristiques de la forme 
de raie (cf. Appendice) en fonction de la tem¬ 
perature (de I’ambiante a 300°C) et pour en 
echantillon recuit a 612°C. La Fig. 3 reprE- 



Fig. 2. Variation thermique de la largeur de raie (I) et 
des nombres N 9 (2) et (3). Les valeurs de ces nombres 
pour une lorentzienne sont indiquees par AV et 



Fig. 3. Variation de la largeur de raie (1) et des nombres 
N 6 (2) N s (3) dans la zone de fusion. 

sente avec une dilatation d’echelle la zone 160 
-200°C, la fusion du lithium etant situEe 
a 180 o C. L’examen de ces deux figures montre 
que PElEvation de la temperature de LEchan- 
tillon, qui ne modifie pas la largeur de raie 
dans la phase solide jusque vers 120°C, 
produit par contre: 

— a la fusion un elargissement brutal de la 
raie qui passe de 0,13 G a 179°C a 0,41 G 
a 181°C. Get Elargissement brutal est prE- 
cedE d’un elargissement plus faible et EtalE 
sur quelques degrEs. 

— un Elargissement progressif et tres 
important de 20()°C a 300°C. 

A ces elargissements sont assoriEs des 
changements de forme de la raie (courbes 2 
et 3 des Figs. 2 et 3). 

Nous decrirons tout d’abord les phE- 
nomenes observes, puis nous discuterons de 
leur interpretation en tenant compte a la 
fois des rEsultats obtenus sur les mEtaux li- 
quides par d'autres mesures et des mEcan- 
simes de relaxation habituellement retenus 
pour le lithium. 

1. Zone de la fusion 

Les premieres Etudes expErimentales de la 
fusion du Li ont EtE faites par Enderby et ai 
[12] sur du lithium prepare par voie chimique. 
Rappelons les resultats de ieurs expEriences: 
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— la largeur de raie subit unc discontinuity 
assez faible k la fusion; elle passe de 1,6 G 
dans P6tat solide a 1,8 G dans Petat liquide, 

— la susceptibility paramagnytique yiec* 
tronique varie ygalement tr£s peu: elle aug- 
mente de 4 pour cent environ. 

Nos experiences montrent done un elar- 
gissement rclatif de la raie beaucoup plus 
important (3()0%). Rappelons que la finesse 
de la raie est Ii6e k la purete exceptionnelle 
de ces ychantillons[J I]. Par centre, dans les 
deux cas, la valeur absolue de ryiargissement 
de la raie est sensiblement la meme: alors 
que Enderby et ai mesurent 0,2 G, nos resul- 
tats varient suivant rychantillon entre 0,1 et 
0,3 G. Ce fait prouve que ryiargissement de 
0,2 G est bien caracteristique de la fusion du 
lithium. En effet. la largeur de raie est pro- 
portionnelle a la probability de retournement 
du spin, et, lorsque plusieurs mecanismes de 
relaxation independants sent en competi¬ 
tion, les probabilites correspondantes s’ajou- 
tent done aussi les largeurs de raie. Aux 
termes de relaxation de pytat solide et respon- 
sables de la variety des largeurs de raies 
mesurycs,[5,6,9,11, 12] s’ajoute done un 
terme suppiymentaire qui correspond a un 
accroissement de la probability de retoume- 
ment du spin de 310 6 .v“‘. Ce terme est du au 


changement d’etat et est caract6ristique du 
metal. 

Deux remarques realtives k ces expyriences 
de fusion des cristallites de Li observee par 
R.P.E. permettent de montrer que Ton peut, 
malgre rinhomogeneite des ^chantillons de 
LiF irradie, separer les effets spdcifiques du 
Li de ceux dus a la fois aux effets de taille et 
a la dispersion en taille. 

(a) Rappelons que la fusion des cristallites 
a deja ete etudiee par Pun d’entre nous (Ch. 
Mazieres) a Paide de la microanalyse ther- 
mique differentielle (/xA.T.D.)[13]. On 
observe pour un recuit de Pechantillon a 
630°C deux pics de fusion (Fig. 4.a); Pun 
cPeux est situe a la temperature de fusion du 
Li et Pautre a une temperature inferieure de 
quelques degres. Ce dernier pic a ete attribue 
a la fusion de grains de Li plus petits et mal 
cristallises [13]. Ces grains disparaissent 
apres un recuit a 700°C comme le montre le 
pic unique de /xA.T.D. que Ton observe alors 
(Fig. 4b).* Les courbes devolution de la lar- 

*Cc rcsultai tendrait a utiliser des 6chantillons recuits 
k haute temperature (700°C). En realite le diamytre des 
cristallites est alors de 1'ordre de grandeur de Tepaisseur 
de peauDU et la forme des raies de Dyson[25] difficile 
a exploiter. Nous avons prefere recuire a une tempera¬ 
ture mtermediajre (6J2°C) et analyser les raies observees 
par les methodes indiquees dans Vappendice. 



Fig. 4. Comparaison des profils de fusion (obtenus par uA T D ) 
et de la variation de la largeur de raie R.P.E. apres (a) un recuit de 
I’echantiilon it 630°C, (b) in recuit de I'echantillona 710°C. 
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geur dc raie R.P.E. montrent cn effet deux 
Elargissements isothermes des pics de fusion 
pour le premier recuit (Fig. 4(a)) et un seul 
Elargissement pour le second (Fig. 4(b)). 
De plus la comparaison des courbes 2 et 3 
de la Fig. 3 montre que le nombre N 3 (qui 
caractErise la forme de la raie loin du centre) 
Evolue avant le nombre N 6 * Ceci prouve que 
les cristallites responsables des composantes 
larges de la raie fondent les premiers; or il 
est legitime d’attribuer les raies les plus larges 
aux cristallites imparfaitsflO, 11]. 

(b) La complexite des signaux R.P.E. [11] 
qui sont la superposition de plusieurs raies de 
largeurs et de facteurs g diffErents se re- 
trouve dans Tetat liquide tout au moins pres 
du point de fusion. Ceci se traduit par la per- 
sistance apres la fusion de nombres N 6 et 
N 3 differents de /V 6L et N^ L . Toutefois ces 
nombres se rapprochent des valeurs carac- 
teristiques des raies lorentziennes, ce qui 
montre une uniformisation des temps T x . 

2. Phase liquide 

Un fait spectaculaire et, a notre connais- 
sance, non encore signalE, est Taccroisse- 
ment thermique tres rapide de la relaxation 
dans l’Etat liquide. Cet effet est reversible. 
Entre 180 et 300°C, la largeur de raie est 
multipliee par un facteur qui, selon Pechan- 
tillon, varie de 2 a 7. De fa^on generate, apres 
un palier de 180 a 190°C, la largeur de raie 
varie en T a avec a > 1. 

La Fig. 2 correspond a Pun des echantillons 
pour lesquels Peffet est le plus important. 
Dans ce cas particulier la largeur de raie varie 
linEairement avec la temperature de 190 
a 220°C ensuite s’ajoute k ce terme d’ordre 
1 en T un terme d’ordre 2 au moins. Si l’on 
mesure simultanement les nombres carac- 
teristiques de la forme de raie (courbes 2 et 
3 de la Fig. 2) on constate qu’a partir de 200°C 
la raie (de 0,7 G a 200°C) est de forme loren- 
tzienne, c’est a dire que Ton observe alors 
une raie pure. Pour d’autres echantillons la 
largeur de raie a 300°C varie de 0,4 k 0,6 G. 
Dans ces cas, la raie R.P.E. n’est pas une 
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lorentzienne. Ceci signifie que pour PEchan- 
tillon ci-dessus un processus de relaxation 
trEs efficace (responsable d’une largeur de 
raie supErieure a 1 G) masque les effets de 
taille des cristallites. 

DISCUSSION 

Nos rEsultats relatifs a la phase solide sont 
en excellent accord avec ceux de Watts et 
Cousins [9]. Nous utiliserons done leur 
analyse du processus de relaxation. Notons 
que les largeurs de raies importantes obser- 
vees par ces auteurs sur des Echantillons non 
recuits peuvent etre interprEtEes par une 
diffusion des Electrons sur les dEfauts d’em- 
pilement des plans {111} du lithium prEci- 
pite [7]. C’est aprEs un recuit k 150°C que dis- 
paraissent ces dEfauts et que s’affinent les 
raies R.P.E,[10]. 

Les processus de relaxation actuellement 
retenus pour la relaxation des spins Electron- 
iques dans la phase solide du Li sont le cou- 
plage spin-orbite et Tinteraction entre spins 
Electroniques au niveau de Fermi (mEcanisme 
spin-courant de Overhauser). Pour ces deux 
processus, la largeur de raie varie linEaire- 
ment avec la tempErature. Rappelons que, 
d’apres Watts et Cousins, le processus de 
relaxation intrinseque responsable d’une lar¬ 
geur de raie de 45 mG a I’ambiante, contribue 
done a une largeur de 75 mG k 180°C dans la 
phase solide. Alors que les informations ex- 
pErimentales relatives a la fusion de Li sont 
compatibles avec un processus de relaxation 
par couplage spin-orbite, les rEsultats obtenus 
dans la phase liquide montreraient Pinter- 
vention d’autres mEcanismes. 

1. Variation de T t associee d la fusion 

Les diverses mesures sur des Echantillons 
trEs variEs [11,12], montrent done que la 
fusion Elargit la raie de 0,2 G. A la fosion 
plusieurs effets peuvent se produire: 

- la frEquence des collisions orbitales 
double k peu prEs puisque la rEsistivitE 
Electrique passe de 15 k 25fincm (Fig. 5). 
Si le couplage spin-orbite varie peu, ce qui 
serait en accord avec la non variation du 
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En conclusion, l’effet observe s’explique 
bien en ne tenant compte que du seul couplage 
spin-orbite. 



Eig. 5. Variation thermiquc tie la resistivite electrique du 
lithium liquide (Clayton ct Enderly 1961). 

Knight-shift [ 141, la largeur de raie doit suivre 
les variations de la resistivite electrique, done 
augmenter de 75 mG environ, L’accroisse- 
ment observe, qui est de 200 mG est plus 
grand mais neanmoins du meme ordre de gran¬ 
deur. 

— la fonction d'onde eiectronique peut etre 
modifiee en raison de la disparition de la 
structure p^riodique; ce qui influerait a la 
fois sur le couplage spin-orbite et sur les 
interactions entre spins electroniques. II est 
difficile d’6valuer alors l’effet produit; mais 
les variations nulles de Knight-shift, celles 
tr£s faibles de la susceptibility paramagne- 
tique eiectronique semblent ecarter cette 
hypothise. 

II serait utile afin de suivre les modifications 
de la fonction d’onde de mesurer les varia¬ 
tions du #-shift au cours de la fusion. Dans 
V6tat solide, celui-ci est tres faible: g = g 0 
— 2 10” e [l,2], Une variation meme relative- 
ment importante est difficilement mesurable; 
toutefois I'examen des spectres semble mon- 
trer que g augmente de 3 10” 6 (ce qui corre¬ 
spond k un displacement de la raie de 10 mG) 
au cours de la fusion, ceci indiquerait que le 
comportement de T61ectron dans le metal 
liquide est plus proche de celui de Telectron 
libre. D’autres risultats, en particulier de 
mesures optiquesf!4] ont d6jk conduit a une 
telle conclusion. 


2. Etude de la phase liquide de 180 d 300°C 

L’accroissement du processus de relaxation 
est ici tres superieur a Taccroissement 
correspondant de la resistivity electrique, qui 
n'est que de 20 pour cent [14] (Fig. 5). De 
plus, contrairement a la r6sistivite, la largeur 
de raie de varie pas lineairement avec la tem¬ 
perature. Ces deux resultats, obtenus sur les 
cristallites de lithium, sont tres differents de 
ceux obtenus dans le cas du sodium pour 
lequel la largeur de raie A H augmente 
lineairement avec la temperature dans la 
phase liquide) 15, 16]; de plus la pente de la 
droite obtenue pour A H dans le cas de Naest, 
bien que legerement differente, du meme ordre 
de grandeur que celle [17] de la resistivite 
electrique (mesuree, soit a volume, soit a 
pression constants). 

Deux cas sont alors possibles; 

(a) les conditions experimentales de nos 
mesures sont en reality tres differentes 
de celles dans lesquelles ont 6t6 faites les 
mesures de resistivity, 

(b) la largeur de raie est, pour Li, indepen- 
dante de la resistivity et due a un processus de 
relaxation autre que le couplage spin-orbite. 

(a) Les conditions experimentales de nos 
experiences sont en effet mal connues, en 
particulier celles relatives a la pression. 

Les coefficients de dilatation volumique du 
solide LiF et du liquide Li etant notablement 
differents, on peut prevoir une augmentation 
de pression au cours du chauffage; cet effet 
depend du contact entre les cristallites et la 
matrice. Connaissant la compressibility du 
LiF (4 10 -5 at” 1 ) et supposant celle du lithium 
6gale, les coefficients de dilatation du LiF 
(3 10 5 °C“ 1 ), du Li suppose egal k celui du 
mercure (2 10~ 4 °C“ 1 ) et en supposant qu’il 
y a contact entre le LiF et le Li a 180°C on 
peut evaluer la pression theorique a 300°C 
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a 400 at. Or il existe des conditions pour les- 
quelles la resistivity eiectrique varie extreme- 
ment vite avec la temperature: le voisinage 
d’une transition m6tal-non metal et en par¬ 
ticular la zone voisine du point critique. Les 
etudes les plus detailiees de cette zone ont 
ete faites sur le mercuref 18-20]: la resis- 
vite y varie d’un facteur 10 5 . La zone dans 
laquelle la resistivity varie rapidement avec 
la temperature et avec la pression, s’etend sur 
plusieurs centaines de degres et plusieurs 
centaines de bars autour du point critique. Or 
les pressions critiques des alcalins sont fai- 
bles[21J (quelques centaines de bars). Pour 
le lithium elle se situe aux environs de 600 
bars. Mais par contre les temperatures criti¬ 
ques des alcalins sont tres eievees: pour le 
Li, celle-ci est evaluee a 3.200°C[21]. Un 
effet des fluctuations critiques sur la resis¬ 
tivity semble done peu probable dans ces 
experiences a 600°K. 

(b) II semble que des experiences recentes 
[22] aient prouve que la relaxation de spin 
dans le lithium soit produite par le mecanisme 
‘spin-courant’ de Overhauser. Rappelons que 
parmi les interactions entre spins eiectron- 
iques capables de relaxer le systeme de spin, 
Overhauser distingue: 

— celles dont l’effet serait un double ‘spin- 
flip’ qui conduisent a l’ambiante a un temps de 
relaxation trop long mais variant lineairement 
avec le carry de la temperature. 

— celles dont TefFet serait un simple ‘spin- 
flip’ conduisant a un temps de relaxation rais- 
onnabie et variant lineairement avec T . 

II serait interessant de connaitre dans la 
phase liquide 1’efFet d’une elevation de tem¬ 
perature ou de pression sur ce mecanisme. En 
particular, il serait seduisant d’expliquer la 
dispersion de nos resultats dans la phase 
liquide par des differences de pression a 
l’interieur des cristallites, celles-ci etant dues 
h des contacts differents entre le LiF et le Li 
en raison des diverses temperatures d’irradia¬ 


tion. Au point de vue experimental, la pres¬ 
sion interne du Li peut £tre evaluee soit par 
des mesures precises de parametre dans la 
phase solide, soit par la determination de la 
temperature de fusion par jiA.T.D. 

CONCLUSION 

Cette etude de la variation thermique du 
temps de relaxation a done mis en evidence 
deux faits: eiargissement defini des raies k la 
fusion et augmentation rapide de la relaxa¬ 
tion dans la phase liquide. Le premier effet, 
deja signale [16] caracteristique de la fusion 
s’explique bien a l’aide d’une relaxation par 
couplage spin-orbite. Par contre, le second 
effet nouveau bien qu’independant des effets 
de taille des cristallites pourrait etre fonction 
de la pression interne. Il semble plus favo¬ 
rable au mecanisme ‘spin-courant*. Pour inter¬ 
preter cet effet, il faudrait a la fois contrfiler 
la pression, et posseder de plus nombreuses 
informations quant a la phase liquide loin du 
point de fusion; en particulier toutes les 
techniques d’etude de la fonction d’onde 
(£-shiftpar R.P.E., Knight-shift en R.M.N., 
effet Overhauser, mesures optiques ...) dont 
certaines sont aisement applicables a ce type 
d’echantillons ameiiorerait le connaissance 
de la phase du lithium liquide. 
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APPENDICE-ANALYSE DES RAIES COMPLEXES 

Plusieurs types d’experiences permettent de mettre 
en evidence la complexity d’une raie et de 1'analyser. 

(1 °) Etude de la forme de la raie 

On peut etudier cette forme grace k quelques nombres 
d^finis sur la Fig. 6; ces nombres sont caracteristiqDes de 
la forme de raie. Sur cette figure sont indiquyes les valeurs 
de ces nombres pour une gaussienne et une lorent- 
zienne. II est aise de montrer[l0], par exemple en effec* 
uant des syntheses de raies, que ces nombres sont trfes 
sensibles a la composition d’une raie; ils peuvent en effet 
varier d’un facteur 2 sans que la raie composite manifeste 
de structure. 
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N n ,0 ' B V 1 ' 4 V' 5 

V 0 ' 65 N »o*’ V ’- 3 


Fig. 6. Definition des nombrcs et N- d utilises pour 
retude de la forme dc raie. On a indique les valeurs de 
ces nombres pour une gaussienne et une Lorentzienne. 

L/etude de la deformation du signal en fonction du 
r£glage de phase de la detection synchrone dc la modula¬ 
tion B.F. du champ (100 khz dans notre cas) permet 
k la fois dapprecier i’mhomogenetie dcs temps dc relaxa¬ 
tion et celles dcs facteurs g(10j. 

(3 °)Saturatbn 

On peut ainsi etiminer les raies fines et faire apparaitre 
les raies larges. 
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DONOR-ACCEPTOR PAIRING IN THE 
SYSTEM GaP(Zn, O) 

J. D. WILEY 

Bell Telephone Laboratories, Inc., Murray Hill, N.J. 07971, U.S.A. 

(Received 14 December 1970) 

Abstract-Equilibrium concentrations of Zn-O nearest-neighbor pairs in GaP have been calculated 
for Zn and O concentrations between 10 18 and 10 19 cm 3 at temperatures between 400 and 1200TC. 

The discrete nature of the host lattice is taken into account and the effects of strain-fields, bond 
mismatch, and electrostatic interactions on the Zn-O binding energy are discussed. The discrete and 
fluid models of ion pairing are compared and it is shown that, for the case of substitutional pairing in 
compound semiconductors, the fluid model can underestimate the pairing by as much as a factor of 3 
depending on the temperature and ion concentrations. 

l. introduction simplest since it avoids the complexities of a 

It is well known that interactions among point discrete lattice and is able to draw upon the 
defects in solids can have a profound effect on large body of literature concerning the inter- 
the spatial distribution and electronic activity action of ions in electrolyte solutions[8-10]. 
of these defects [1-4]. Uncharged defects Despite first appearances, however, the fluid 
(such as isoelectronic dopants) can interact model is not at ail simple Among the difiicul- 
through lattice distortion, bond mismatch, ties encountered in the fluid model are the 
van der Waals forces, or other mechanisms following: (1) The model leads to an integral 
which, in general, can be either attractive or equation for the ionic distribution function 
repulsive. Perhaps the most important type g(r) which is difficult to solve satisfactorily, 
of defect interaction, however, is the Coulomb (2) The usual method of solving for g(r) 
attraction between ionized donors and involves several approximations, the validity 
acceptors which leads to the formation of and consequences of which are difficult to 
donor-acceptor (DA) pairs in semiconductors assess[11], (3) The model provides no simple 
[1,2,5]. The importance of DA pairs as route by which one could incorporate such 
centers for efficient radiative recombination refinements as non-Coulombic interactions or 
has been emphasized in several recent screening effects. (4) Finally, the fact that the 
reviews [5-7] and need not be discussed here, discrete nature of the host has been ignored 
In the present paper, attention will be focused means that one cannot calculate the very 
on the system GaP(Zn, O) and an attempt quantity which is most useful: the concentra- 
will be made to calculate the equilibrium tion of substitutional nearest neighbor pairs, 
concentration of nearest-neighbor Zn-O pairs We will return to these points in Section 4. 
as a function of temperature and doping levels, Prener[12] has shown that, by converting 
In the past, most calculations of DA pairing certain integrals of the fluid model into sums, 
in semiconductors have utilized the fluid one can obtain an expression for the pair 
model of Reiss, Fuller, and Morin[1] in which distribution function which reflects some 
the host lattice is considered to be a dielectric features of the discrete lattice. This is an 
continuum and the ions interact solely through interesting approach but it leads to a tempera- 
a hard-sphere Coulomb interaction. At first ture-dependent normalization parameter which 
sight, this method would seem to be the is cumbersome to evaluate. 
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In view of the serious difficulties inherent 
in adapting a fluid model to the description of 
interactions among substitutional donors and 
acceptors, it seems preferable to introduce the 
discrete nature of the host at an early stage of 
the calculation. To this end, use will be 
made in the present calculation of a method 
first introduced by Lidiard[13] tor the 
calculation of ion-vacancy complexes in NaCl. 

Lidiard’s approach is to recognize that the 
interacting ions will arrange themselves in 
such a way as to minimize the free energy of 
the system 

F = E-TS = E-kT\n W, (1) 

where E is the internal energy, T is the 
temperature, S is the configurational entropy, 
and W is the number of distinguishable ways 
of constructing the system. The discrete 
nature of the host is introduced through W. 
In the simplest case, for example, one can 
consider only the formation of Coulomb 
bonded nearest-neighbor pairs and ignore 
interactions among unpaired ions. The 
internal energy is then taken to be 


£ = - 


/y 2 

eci\ ’ 


( 2 ) 


where P, is the number of nearest-neighbor 
pairs, e is the dielectric constant of the host, 
and is the nearest-neighbor separation. 
The entropy term in this case is given by 


'Zi* P ff (A r-sy 

S -0 

r (A /-p,)i 

JV J 
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i 
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where Z x is the number of nearest-neighbor 
sites, N is the number of host atoms of either 
species and N A and N D are the numbers of 
acceptors and donors. For dimensional 
reasons N, N A9 No and P x must be pure 


numbers in equation (3) but they are easily 
converted to concentrations in the final 
expressions. Where no confusion can result, 
these quantities will be referred to inter¬ 
changeably as numbers or concentrations. 

The first bracketed term in equation (3) is 
the number of distinct ways of arranging Pj 
pairs in the lattice by putting one member of 
the pair on one of the N sites of one sublattice 
and the other member of the pair on one of the 
Zj nearest-neighbor sites of the opposite 
sublattice. Having placed the P t pairs, there 
are now N — N A Ga atoms and N A — P, accep¬ 
tors to be placed on the N — P, vacant Ga 
sites. The number of distinct ways of filling 
these Ga sites is given in the second bracketed 
term. The third term applies to the /V — P, 
remaining P sites in analogy to the Ga sites. 
In order to find the equilibrium concentration 
of pairs, P t , we now substitute equations (2) 
and (3) into equation (1) and minimize F by 
setting dP/dP, = 0. This results in 


I Z x (N A -P,)(Nn-Pr) 

PAN-PiV 

+ ^r|' | nW-5) + ^.°. ,4, 

In obtaining equation (4), use has been made 
of Stirling’s approximation 

In AM * AMn N-N. (5) 

If we now make use of the approximation 
Pi < N (an excellent approximation since 
N = 2-47 x 10 22 sites/cm 3 and P t is of the 
order of the doping level which is typically 
^ 10 18 atoms/cm 3 ) we can write 

Pl-l 

2 In (A/ — S) ~P,lnAM (6) 

.9=0 v ; 

Thus 


ln gi.(^-P,)(jV n -/> t )N 
PAN-P,)* + 


ea, kT 


= 0. (7) 
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where use has been made of P, <$ N again. 
Equation (8) is easily solved for the equili¬ 
brium pair concentration P,. 

If we make the identification 


fi, = 


?ZX p&ltaikT = ^l-a, 

N e N e ’ 


(9) 


then equation (8) is the same as that derived 
by Reiss, Fuller, and Morin (equation (9*4) of 
Ref.[l]). The only difference is that we are 
now dealing strictly with nearest-neighbor 
pairs on discrete lattice sites and we have a 
simple expression for the equilibrium constant 

a 

In Section 2 the interaction energy will be 
considered more carefully and the above 
method will be generalized to include explicit¬ 
ly the formation of 1st, 2nd, ... Nth-neighbor 
pairs. Section 3 contains the results of the 
pairing calculations for GaP(Zn, O). In 
Section 4 a comparison will be made between 
the discrete and fluid models for ion pairing 
in semiconductors. 


2. THEORY 

(a) Interaction among Zn“ and 0 + ions 

In what follows it will be assumed that we 
are dealing with a system of N A ionized Zn 
acceptors and N D ionized O donors which 
have entered the GaP lattice substitutionally 
on Ga and P sites respectively. The assump¬ 
tion of complete ionization is well satisfied at 
typical annealing temperatures provided 
N a > Nz,. The principal long-range inter¬ 
action, then, is likely to be electrostatic. 
In general, the charge distributions around the 
Zn“ and 0 + will be distorted by bonding and 
the interaction energy will include all multi¬ 
pole terms consistent with the zincblende 
symmetry [14, 15], For ion separations 
greater than 4th or 5th neighbors, however, 
the higher-order multipole terms amount to 


only a few milli-electron volts (« JO per cent 
of the monopole Coulomb term) and are 
negligible fof present purposes. The multipole 
expansion breaks down for small Zn-O 
separations and it is difficult to estimate the 
deviation from Coulomb behavior. For 
simplicity, we will assume a Coulomb inter¬ 
action — e 2 /cr at all separations. Srinivasan(M>) 
has shown that c(r) reaches its full value within 
one nearest-neighbor distance so that it is 
appropriate to use a constant c (e = 11*1 for 
GaP) even for nearest-neighbor separations 
between the ions. 

In addition to the Coulomb interaction, 
it is possible for the ions to interact via their 
strain fields. If, for example, one impurity 
species were much smaller and the other much 
larger than the host atoms for which they 
substitute, then the lattice strain would be 
minimized if these ions were to occupy 
adjacent lattice sites. In the case of GaP 
(Zn, O) strain probably plays a negligible role 
in DA pair formation since the covalent radius 
of Zn is nearly identical to that of Ga[17], 
Thus, despite the fact that O is much smaller 
than P and probably strains the lattice 
considerably, there is no way (on the basis of 
strain alone) for the O to distinguish between 
Zn and Ga. 

Finally, the formation of covalent bonds 
may tend to enhance or inhibit pair formation. 
If Zn' and 0 + are placed in a GaP lattice at 
isolated sites, 8 Ga-P bonds are broken and 
replaced by 4 Zn'-P and 4 Ga-O* bonds. If 
the Zn“ and 0 + are placed on adjacent lattice 
sites, 7 Ga-P bonds are broken and replaced 
by 1 Zn'-0 + , 3 Zn - -P, and 3 Ga-0 + bonds. 
The difference in energy between these two 
configurations is 


AE — E^n-p 4" £(; fl O+ E()bP ^Zn”0 + » (10) 

where E XY is the energy required to break one 
X-Y bond. As far as the formation of tetra¬ 
hedral covalent bonds is concerned, Zn" and 
Ga should be quite similar since Zn and Ga 
have identical electronegativities[18]. Thus, 
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aside from Coulomb energies which are 
treated separately, one expects E Zn -p ~ E (im p, 
£<*04 - Ezn-,,4. and A E - 0. Here again, the 
remarkable similarity of Zn and Ga tends to 
eliminate any pairing energy. It is possible to 
use heats of formation or cohesive energies to 
construct other heuristic arguments [19,20] 
all of which lead to the conclusion that the 
effects of bond energies in the GaP(Zn, O) 
system are probably small compared to the 
Coulomb energy. Note that the bond energy, 
to the extent that it is important at all, affects 
only the binding energy of nearest-neighbor 
pairs. Note also that bond energy mismatch 
could provide a very effective mechanism for 
forming DA pairs between isoelectronic 
substituents where there is no Coulomb 
interaction. It has been estimated that bond 
energies provide an attractive binding of 
A E ■= 0 6 eV for B-N pairs in the system 
GaP(B,N)[21]. 

In Section I the total interaction energy 
was taken to be solely the Coulomb energy of 
ions paired as nearest-neighbors. Clearly this 
overestimates the pairing by ignoring inter¬ 
actions among 'unpaired' ions. The easiest 
way to correct this is to calculate explicitly the 
number of ions paired as first, second.. .Nth 
neighbors, and then allow the remaining ions 
to interact with each other in a collective or 
Debye-Hiickel atmosphere[10,13]. By Nth- 
neighbor pairs we mean the following. A Zn' 
ion at the origin will be said to be paired with 
an 0 + ion at a n as an Nth-neighbor pair 
provided there are no other unpaired O' ions 
within a distance a H from the Zn“. We will 
ignore the possibilities of multiple pairs 
(A Zn - with two 0 + neighbors at the same 
distance, for example) and pairs involving ions 
of like sign. Using arguments based on the 
fluid model [ 1 , 8 ,9, 11 ] it is possible to show 
that ions separated by more than b -= e 2 /2ekT 
can reasonably be considered to be ‘unpaired’ 
(their binding energy is small compared to kT) 
while those with separations smaller than b 
are paired. For the temperatures of interest 
here [22] (500°C < T < 1000°C) b corresponds 


to 6-10 A and includes the first 3-6 shells of 
neighbors on the opposite sublattice [23]. We 
will therefore write the total interaction 
energy as 

m Dp 

E = -y i - L +E Dfl (N A ,p,T), (11) 

where 

m 

/* = 2/V (12) 

j=i 

In equation ( 11 ) P s is the number of jth- 
neighbor pairs, a } is their separation, and m 
will be chosen to be between 3 and 6 . The 
Debye-Hiickel term has the following 
meaning. If the total number of paired ions is 
0 [equation (12)], then there are N A — 0 
unpaired Zn* ions, N A — N D free holes, and 
N D — p unpaired 0 + ions. These charges are 
unpaired or unbound but they interact in such 
a way as to screen each other and thereby 
lower the total energy. This effect was first 
calculated by Debye and Hiickel[24] who 
showed that each ion develops a time- 
averaged atmosphere of average thickness 
K _1 (also known as the Debye-Hiickel 
screening length) where 


_ 8 tt(N ,4 —/3)e 2 
VekT 


(13) 


In equation (13) the volume of the crystal, 
K has been inserted explicitly and N A and /3 
are pure numbers. The total interaction energy 
of the unpaired ions is [ 10 , 13] 


C-DH — - 1 - 


K 

1 + Ka„ 


(14) 


where a m+ , is the distance of closest approach 
for the unpaired ions. As an illustration of the 
magnitudes of these quantities, if N A — j 3 = 
10 1 * and V = 1 cm* then K~ l = 50 A at T = 
1000°K, and the interaction energy per ion 
[EdhHNa —>3)] is = 22meV. 
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(b) Calculation of the equilibrium pair 
concentrations 

Using the same reasoning as was given in 
Section 1, it is straightforward to show that 
equation (3) can be generalized for the explicit 
calculation of pairs out to mth-neighbors 
as follows: 


W = 


10 


p r 1 

z/j n (n-s-'Z za y 

S ~o i<} 

Pi'- 


the ratio ofyth-neighbor pairs to 1 st-neighbor 
pairs is simply 

k-f£-z+ rm >- < 19 > 

Since we are primarily interested in P„ it is 
convenient to rewrite equation (16) for j= 1 
as follows: 


Pj 

(NA~yP 1 )(N D -yP l ) 


= n,. 


( 20 ) 


_ [(^-)8)!3 2 _1 

(N a — f3)\(N D —— N a )\(N — N b ) !j 

(15) 

The sum over i < j of Z</\ is an approximate 
term reflecting the fact that pairs of order i 
carry with them an ’excluded volume’ in which 
no member of a higher-order pair can be 
placed. This is a consequence of the definition 
of 4 pair\ Proceeding as before, equations (15) 
and (11) are substituted in equation (1) and 
the equilibrium condition dF/dP* = 0 is 
imposed[25]. This results in m simultaneous 
coupled equations to be solved for the P/s. 
Upon making use of the approximation 

5 + 2 Z i P i < N. 

f<j 

(satisfied to better than 1 part in 1000) 
together with Stirling’s approximation it can 
be shown that 

p 

Wa-PUNd-P)’** 1 ’' (16) 

where 

= f(17) 

and 

« *_i (18) 

ckT\_a s 1 + Ka m+l J 

From equations (16) and (17) it is seen that 


From the definition of /3 [equation (12) /8 is the 
sum of all pairs.] and equation (19) it is seen 
that 

m ft, 

(2D 

Physically, y is the ratio of all pairs to first- 
neighbor pairs. Once y and ft, are known, 
equation (20) is a simple quadratic in P,. 
Higher order pairs can then be calculated from 
equation (19). If it were not for the concentra¬ 
tion-dependence of the Debye-Hiickel term, 
ft, and y would be immediately calculable 
[26]. As it is, K depends on /3 [equation (13)] 
and the calculation must be performed by 
setting K — 0 the first time through and then 
repeating the calculation with the K term 
included. The convergence is quite rapid so 
that two iterations are usually sufficient. 

3. RESULTS FOR GaP(Zn, O) 

In Table 1 the radii a, and occupation 
numbers Z } are listed for the first 6 shells of 
neighbors [23] on the opposite sublattice in 
GaP. The nearest-neighbor distance in pure 
GaP is 2-36 A and corresponds to the sum of 
the tetrahedral covalent radii for Ga and P. 
When Zn" and 0 + occupy nearest-neighbor 
sites the separation will probably be somewhat 
less owing to the smaller covalent radius of 
oxygen[17,18]. Since the sum of the covalent 
radii for Zn and O is 1 *97 A, a compromise 
value of 2*16 A seems reasonable for the 
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Table 1. The radii and occupation 
numbers for the first 6 shells of neigh¬ 
bors on the opposite sublattice in GaP. 
The radii are based on a lattice constant 
(unit cube edge) of 5 AS A 


Shell number./ 

«>< A> 

2/ 

I 

2-36* 

4 

2 

4 51 

12 

3 

5*93 

12 

4 

7*08 

16 

5 

806 

24 

h 

8-94 

12 


•This is the nearest-neighbor distance for pure 
GaP. See text for a discussion of the Zn-0 
separation. 


Zn~-0* nearest-neighbor separation when 
these ions are substituted in GaP[27]. Using 
tf, “ 2* 16 A, e = III, and m = 5 (i.e., pairing 
ions separated by a } a r) = 8*06 A and 
including all other ions in the Debye-Hiickel 
atmosphere) equilibrium pair concentrations 
have been calculated for various temperatures 
and doping levels. The results are shown in 
Figs. 1-3 where the quantity plotted along the 
ordinate is the fraction/of all donors (written 
as N n or [O]) which are paired as nearest- 


neighbors with acceptors (the total acceptor 
concentration is denoted N A or [Zn]), i.e., 

f-PillO]. (22) 

For oxygen concentrations [O] < 10 17 cm -3 , 
/ is essentially independent of [O] and Fig. 1 
can be used even though it was calculated 
specifically for [O] = 10 17 cm" 3 . 

Figure 4 shows the temperature dependence 
of / for [O] = 10 17 cm' 3 and 4 values of [Zn] 
(i.e., 4 vertical slices through Fig. 1). Knowing 
the general shapes of these curves, it is easy 
to estimate / for values of the parameters 
other than those specifically plotted in Figs. 
1-4 by simply plotting a few points and 
interpolating. 

In Fig. 5, / is plotted vs. T for [O] = 10 17 , 
[Zn] = 10 1M cm" 3 and a, = 1-97, 2-16, and 
2*36 A. These three radii correspond to 
Coulomb binding energies of 660, 600, and 
550 meV, respectively [For GaP the Coulomb 
potential is E r (eV) = — l*3/r(A)]. If it is 
desired to calculate / for other binding 
energies, the curves of Fig. 5 shift more-or- 
less rigidly at a rate of 3-9°K/0*01 A. 

It was mentioned earlier[25] that, as a 
matter of practical consequence, it is un- 





Fig. 3. A plot similar to Fig. 1 but calculated for [O] = 10 18 cm 



’*■ 4. The temperature dependence of / for [OJ 
10" cm-*, a { » 2- 16 A. and four values of [Zn], 


Fig. 5. A plot off vs. T showing the effect of changing 
the nearest-neighbor separation. These curves were 
calculated for fOJ ** 10 17 cm~* *nd [ZnJ» 10* 8 cur*. 
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necessary to include the constraint fi < N D 
in the calculation explicitly since there is no 
danger of these conditions being violated. 
This is illustrated in Table 2 where values 
are plotted for y as a function of T for various 
values of m. It will be recalled [See equations 
( 21 ) and ( 22 )J that y is the ratio of all pairs to 
first neighbor pairs. Thus if y > 1 and P x ~ 1 

Table 2. Values of y for various values of m 
and T. By definition [See equations (19) and 
( 21)1 y is the ratio of all pairs to first-neighbor 
pairs 


m (No. of 
shells paired) 

600 

Temperature 

1000 

<°K) 

1400 

00 

1 

2 

1 

1006 

1 

1-08 

1 

1-26 

1 

4 

3 

1007 

HI 

1 41 

7 

4 

1008 

114 

1 56 

11 

5 

101 

1 18 

1-73 

17 

6 

101 

1 -20 

1 80 

20 


one is in danger of violating the above- 
mentioned constraint. It is seen from Table 2 
that this never occurs. Only at very high 
temperatures does y become I and at these 
temperatures P x is < 1 . Problems of over¬ 
pairing would only arise if one included a 
much greater number of shells in the explicit 
pairing. 

4. COMPARISON BETWEEN THE DISCRETE AND 
FLUID MODELS FOR ION PAIRING IN 
SEMICONDUCTORS 

In the fluid model for ion pairing[l, 8-1 1 J 
it is assumed that the host lattice can be 
approximated by a homogeneous continuum 
of dielectric constant € and that donors and 
acceptors can occupy arbitrary positions 
within the host. In order to avoid complica¬ 
tions of higher-order clustering (such as 
dipole-dipole interactions among mobile 
pairs) it is assumed that one of the impurity 
species is immobile and distributed randomly 
throughout the host. One can then choose an 
origin at one of the immobile ions and proceed 
to calculate the probability, g(r)dr, that the 


nearest oppositely charged, unpaired ion is in 
a spherical shell of thickness dr and radius r. 
In the absence of any interactions, the ions 
would all be distributed randomly with the 
average separation (peak of the distribution 
curve) being determined by the concentration. 
If there are N particles per unit volume, 
each particle occupies a volume v « 1 IN. 
Setting v = ^ 7 rr 0 3 gives r 0 ** (f7rA^) 1/3 for 
the averse separation. For N = 10 17 cm -3 , 
r 0 - 135 A. 

If one assumes an attractive interaction of 
the form 

1 °° r < a 
-g r»«. (24) 

where a is a hard-core distance of closest 
approach, the distribution of nearest-pair 
separations is given by 

g(r) = 4rrr 2 h exp (-4/37rr 3 N) exp (e 2 /cA:7>), 

r > a (25) 

where N is the number of mobile ions per unit 
volume, and h is a normalization parameter 
determined by requiring 

f%(r)dr-l. ~ (26) 

J a 

From equation (25) it can be seen that g{r) has 
an exponential peak at r — a caused by the 
Coulomb attractions and a broad peak at 
large r (near r 0 ) which is simply a concentra¬ 
tion effect. These two peaks are separated by 
a minimum at r ^ t 2 l2ekT = b . The existence 
of this minimum in the distribution function 
provides a natural distinction between paired 
and unpaired ions. Thus in the fluid model the 
fraction of donors paired is taken to be 

P f b , 

^ J/' (r ’ N * )dr ’ (27) 

where it is assumed that g(r, N A ) has been 
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properly normalized [equation (26)]. (Note 
that N a and N D can be interchanged but 
one species is assumed immobile). Because 
of the difficulty of repeated numerical integra¬ 
tions of equations (26) and (27), considerable 
effort has gone into devising approximate 
solutions of the fluid model. The most 
successful of these [1,9] gives a result 
analogous to equation (8) of Section 1: 

(N A -P)(N D - P) =n ( e - a ’ 7 ')> ( 28 ) 

where ft is calculated from Tables in Ref. [1]. 

Equation (28) has been applied to the system 
GaP(Zn, O) with = «, = 2-16 A for com¬ 
parison with the discrete model. The results 
are shown in Figs. 6 and 7 where /= P x [O] 
(discrete model) and / = P/[ O] (fluid model) 
are plotted as functions of [Zn] and T. It is 
seen that the discrete model predicts more 
pairing at all temperatures and concentrations 
(i.e., it predicts a larger equilibrium constant). 
This is perhaps surprising since, by definition, 
P includes pairs at separations a ^ r ^ b 
whereas P x includes only pairs at separations 
r — ai — a. Thus the fluid model does not 
simply redistribute the separations of a few 
near-lying shells of pairs as one might expect; 
it places a substantially greater fraction of the 
ions into the category ‘unpaired’. There are two 
primary reasons for this: (1) The fluid model 
overestimates the volume’ available to the 



Fig. 6. A comparison of the [Zn] concentration depend¬ 
ence of/as predicted by the discrete and fluid models 
of ion pairing. 


T(*c> 



Fig. 7. A comparison of the temperature dependence of/ 
as predicted by the discrete and fluid models of ion pairing. 


ions and thereby (in effect) overestimates the 
entropy of the unpaired ions. This has the 
effect of reducing the pairing. (2) The fluid 
model overestimates the electrostatic inter¬ 
action of the unpaired ions by ignoring 
screening effects which become important at 
large separations. This also reduces the 
pairing. The first point is easiest to understand 
if one considers the simple example of sub¬ 
stitutional pairing in the absence of inter¬ 
actions (i.e., accidental or random pairing). 
If the ions are unrestricted in the sense that 
they can substitute on any of the 2 N lattice 
sites in the crystal then the probability that 
a given donor has an acceptor as its nearest- 
neighbor is N a ZJ2N . This would be the case, 
for example, in Ge or Si. If the ions are 
required to substitute on opposite sublattices, 
however, the corresponding probability is 
N a ZJN. Thus the probability of DA pair 
formation is automatically enhanced by a 
factor of two when the ions are restricted to 
opposite sublattices. This argument is easily 
verified by explicit calculation in the case of 
the discrete model (the ft< for the case of Ge 
mentioned above turn out to be half as large 
as those for GaP). The fluid model cannot 
easily accommodate such refinements as 
restricted substitutional pairing but one can 
heuristically justify a simple doubling of the ft 
values calculate^ from Ref.fl]. This brings 
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the predicted pairing into much closer agree¬ 
ment with the discrete model. 

In order to see how the fluid model over¬ 
estimates the electrostatic interaction of 
unpaired ions it is necessary to refer to the 
fundamental equations of the model [equations 
(25-27)1 rather than the commonly-used 
approximation [equation (28)]. The integral 
of #(r) dr between a and b is certainly insensi¬ 
tive to any screening effects because of the 
small r values involved. It is through the 
normalization parameter, h, that screening 
becomes important. From equations (25) and 
(26) it is seen that 

h~ x = j 4nr* exp ^Trrwj exp ( e 2 lekTr) dr. 

(29) 

If screening were included it would cause the 
integrand to fall off more rapidly with r and 
would hence increase h and increase P/N n . 
When this effect is taken into account along 
with the doubling of Q described above, the 
fluid model is nearly in agreement with the 
discrete model but it is still roughly 10-15 per 
cent low for intermediate states of pairing 
(0*1 <f< 0-9). Thus, while it is gratifying 
that the disagreement between the two models 
can be resolved, the resolution seems clearly 
to favor the discrete model for simplicity and 
reliability. 
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Abstract—Proceeding from the self-consistent HFS-potentials[l] of the ions Sc + and N“, a quasi- 
selfconsistent calculation of the band structure of ScN was carried out via the APW-method. The 
energy eigenvalues and the wave functions for an equivalent of 256 A-points in the first Brillouin zone 
were calculated using the full Slater exchange potential. According to these calculations, ScN is a 
semiconductor with a band gap of about 0-1 eV and possesses a partially ionic character. 


1. INTRODUCTION 

A NON-self-consistent calculation [2] of the 
band structure of ScN, starting with the atomic 
HFS-potentials[l], showed that the charge 
within the N-sphere is H electronic charges 
greater than the charge within the same sphere 
of the free atom. This result suggests that ScN 
has a partially ionic character. Therefore, it 
was decided to carry out a quasi-self-consis- 
tent APW-calculation of the band structure, 
based on HFS-potentials of the free ions Sc 4 
and N~. 

The quasi-self-consistent APW-method 
was used for the first time in 1966 by Switen- 
dick[3]. Meanwhile papers have been pub¬ 
lished, not only on metals [4-7] but also on 
ionic crystals [8] and refractory phases [9]. 


2. METHOD OF COMPUTATION 

ScN crystallizes in the NaCI-structure. The 
cubic parameter a is a = 4-45 A (10). 

The traditional ‘muffin-tin’-form[l 1] was 
used for the construction of the crystal 
potential. The starting potential was con¬ 
structed by superposing the self-consistent 
HFS-potentials of the ions Sc + 


* Present Address: Quantum Theory Project, University 
of Florida, Gainesville, U.S.A. 


3s 2 3p 6 3f/4s) and N~ (ls 2 2s 2 2p 4 )t according 
to the a-expansion method of Lowdin[12]. 

The crossing point of the superposed 
spherically averaged potential curves of the 
ions in the (100) direction determines the 
atomic-sphere radii. These radii, which are 
held constant during the self-consistency 
iterations, have the values of 2T91000 a.u. for 
Sc and of 2*013450 a.u. for N. 

The crystal wave functions for the equi¬ 
valent of 256 A-points within the first Brillouin 
zone were calculated for each iteration step. 
AH vectors k, = k + K* ( K { being a reciprocal 
lattice vector) with |k,| = (rcia) V89 were in¬ 
cluded:): in the wave functions. The expansion 
in spherical harmonics was taken up to /= 12. 
A spherically averaged radial charge density 
oV(r)[ll] (r is the radius measured from the 

tin order to obtain convergent wave functions for N", 
we did not follow the procedure for the calculation of the 
wave functions of anions proposed by Watson! 13] or 
Paschalis and Weiss [14], Instead, the coefficient of the 
Slater exchange potential was made larger than the unity 
quoted in the programme of Herman and Skillmanfl]. 
The smallest value of this coefficient for which a localized 
2/?-state could be obtained was 1185, which was the 
value used to obtain the starting potential for the ScN 
calculation. However, in view of the quasi-self-consis¬ 
tency of the band structure calculation, this approximation 
should not affect the final result. 

tFor a few low symmetry points we had to use a smaller 
value, because we could handle only 50 symmetrized 
APW’s with our facilities. 
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centre of the atomic sphere) was calculated for 
each atomic sphere p from the crystal wave 
functions of the valence electrons. For the 
first six iterations a frozen core approximation 
was used for all states below the Sc-3d and 
N-2.t bands. Because the Sc-3.) and Sc-3p 
wave functions extend beyond the APW- 
sphere, it was necessary to use Lowdin’s a- 
expansion technique 112) to obtain the 
contributions from these states to the core 
charge density <r,/'(r) in each sphere. For the 
further iterations the states corresponding to 
the atomic Sc-3s and 3 p states were treated as 
bands, i.e. not only were the valence states but 
also the above mentioned states included in 
the APW-calculation. These states will be 
referred to as ‘semi-core-levels’ throughout 
this paper, and the radial charge density cor¬ 
responding to them will be denoted as (T v "\r). 
The radial charge density of the remaining 
core states, however, will be denoted as (r„'(r). 
For the first six iterations the total radial 
charge density tr„(r) within the p-th sphere 
was obtained by adding the superposed radial 
charge density «■„'(/■) of the core states to 
«V‘(r). For the further iterations a-Jr) was 
obtained by adding <r/(r) and oy"(r) to 
fr„'(r). 

By solving Poisson’s differential equation, 
the Coulomb-potential V, „(r) within the p-th 
atomic sphere is obtained with the exception 
of an additive constant C„. 


A constant charge density p is assumed be¬ 
tween the spheres; it is defined in such a way 
that the unit cell is electrically neutral. 

A charge distribution consisting of spheri¬ 
cally symmetric charge densities within the 
APW-spheres and a constant charge density 
between the APW-spheres leads to a potential 
outside the spheres which is equal to that of a 
charge distribution of fictitious point charges 
Qv 

J “ o-„(r) dr+yp (3) 

at the atomic sites and a uniform charge 
density p throughout the unit cell. This charge 
distribution permits the application of Ewald’s 
method f 15, 16] to calculate the spherically 
averaged mean value V f:p {R„) of the Ewald 
potential at the surface of the p-th APW- 
sphere and the mean value F Br of the Coulomb 
potential between the spheres. 

The Ewald potential has the following 
spherical averages 

*«( r ) = Q\4>i(r) + Q 2 <f> 2 (r) in sphere 1, 

Vi«ir) ~ QA,(r) + Qi4> 2 (r) in sphere 2, 

where <Mr) =2(-+f^ r- - . 4 5848 ?0 \ 

\r 3a 3 a J 


F,„(r) 



<r„(r’) dr' 



^dr'+C,. 


II) 


Zp is the atomic number. 

Vp{r) also permits the calculation of the 
exchange potentials V\„ (r) within the atomic 
spheres, according to Slater’s free electron 
approximation 


and W .j^.lgna ( 4 ) 

tor the NaCl-structure. 

The spherically averaged mean value V El , of 
the Ewald potential at the sphere radius R„ is 
set equal to the Coulomb potential F rp (r) to 
determine the constant C„ 


' ^+±f\„(nir'+C. 


= V B „{Rp). 


Vx*(r) — —6[3cr^(r)/32jr ! r i ] 1 '' 1 , 


(2) Since the 


average value of the Ewald 
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potential over the unit cell is zero, equation (6) 
4a 2 [** VE,(r)r* dr+ K £c ft c = 0 (6) 

p» i J<> 

determines the average value V Ec of the Ewald 
potential outside the spheres. fi r is the volume 
between the spheres in the unit cell. 

From the constant charge density p the 
constant exchange potential V Xc between the 
APW-spheres can be obtained according to 
Slater’s approximation: 


V xc = -6(3pl&*) m . (7) 


The potential in the p-th sphere, referred to 
the constant potential between the APW- 
spheres, can therefore be written in the follow¬ 
ing way by combining equations (1) to (7): 




+ VfAR») ~ V BC + V XP (r) - V Xc . (8) 

The wave function of the state p in the p-th 
atomic sphere can be expressed in the 
following form: 


♦/(r) = 2 2 Ci. ln R pl (r)Y im (d,'p). 

I m 


(Rpi(r) is the radial wave function; Y lm (#,<p) 
are the spherical harmonics; r, d, <p are the 
spherical coordinates of point r, with respect 
to the centre of the sphere p). From this wave 
function a quantity q v ,ni(Ep) can be calculated 
[2,17], which represents the number of elec¬ 
tronic charges with /{/-character* of the state 
M with energy £ M (k) in the p-th sphere. Adding 


'Following the atomic notation, the states are labelled 
according to / and the number n of V(n — /— 1) nodes in 
the radial part of the wave function in a given sphere. 
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these qp.JJEp)- values, each properly weighted 
according to symmetry and degeneracy over 
the occupied states, leads to the total charge 
Qp.ni with /{/-character within the p-the atomic 
sphere. 


3. CONVERGENCE 

In the present calculation six iterations 
have been performed applying the frozen core 
approximation. Using the potential obtained 
in the fifth iteration, an APW-calculation for 
the semi-core-states was made. The sixth 
iteration step was now repeated using a 
potential, which was calculated from a total 
radial charge density o- p (r), consisting of 
<r/(r), a-p^ir) and <r p v (r). For the further 
three iteration steps the semi-core-states were 
always included in the APW-calculation. 

In order to obtain a rather stable and rapid 
convergence, a method was used [11], in 
which the input charge density [o- p (r)]\ n for 
the i-th iteration step was composed of the 
input and output charge densities of the 
(/—l)-th step, by using a constant factor 
/= 0-75 


[cr„(rj ]' n =/to- P (r)]fn'+ (1 “/) l> p (r)]U 1 - 

In order to check the convergence of the 
iteration process, various criteria can be 
applied. An appropriate criterion seems to be 
the change of the n/-like charge Q r ,, n i of the 
valence electrons within the p-th atomic 
sphere. In Fig. 1 the charge with 2p-character 
Qn. 2 i» within the A-sphere and the charge with 
3d-character q 8eM within the Sc-sphere are 
plotted vs. the number of iterations. The dis¬ 
continuity at the sixth iteration is due to the 
fact that for the first six iterations the frozen 
core approximation was used, while for the 
following iterations the semi-core-states 
were treated as bands. It can be seen that 
the charges q NAp and q ScM vary only slightly 
(by 0-013 and 0-012 electronic charges, 
respectively) between the ninth and the 
eighth iteration step. It is apparant from 
Fig. 1 that a significant charge transfer be- 
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pig. I, Change of the charges <f Sr ild and <7 V , 2 ,, in (he course 
of the iteration process, 

tween ;>-like charge in the iV -sphere and </-like 
charge in the Sc-sphere occurs in the initial 
iterations towards self-consistency. The self- 
consistency. therefore, is to a large extent 
an adjustment of this charge distribution from 
the initial estimate to the final value appro¬ 
priate to the solid. 

The change of the energy eigenvalues 
(A£ M (k)) is approximately 0 002 Ryd for 
p-states and 0 006 for {/-states between the 
last iteration and the preceding one. 

The maximum difference between the input 
and output values of rV(r) for the final (9th) 
iteration is 0 015 Ryd x a.u. (at r = 0 997 a.u.) 
for the Sc-sphere and 0-013 Ryd x a.u. (at 
r ■* 1-380 a.u.) for the /V-sphere. 

Considering the various other assumptions 
in the APW-method in the present form, the 
convergence can be regarded as sufficient. 
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4. RESULTS AND DISCUSSION 
The quasi-self-consistent potential referred 
to the constant potential between the APW- 
spheres as zero is given in Table 1. The ener¬ 
gies of the quasi-self-consistent calculation 
are listed in Table 2. An accurate density of 
states was obtained from these selfconsistent 
energies by an LCAO-interpolation scheme, 
following Slater and Koster[l7]. Connolly has 
developed a computer programme [18], which 
first performs a least squares fit to the set of 
energy bands obtained by the APW-method, 
using the LCAO interaction integrals as 
parameters. The 3 d orbitals of Sc and the 2s 
and 2 p orbitals of N were used as basis 
functions. The LCAO interaction integrals 
obtained are given in the Appendix. With 
these optimized parameters, interpolated 
energies are obtained at a large number of 
points in the Brillouin-zone. (In the present 
calculation we used 131 072 equivalent 
points). Finally a histogram-technique was 
used with AE = 0-0085 Ryd to get the density 
of states (Fig. 2). The integral of the density 
of states leads to the Fermi energy of 0-4908 
Ryd, referred to the constant potential 
between the spheres. 

The q p . n i(E „) values for some selected 
/.-points are given in Table 3 *. 

In analogy to the density of states, a nl- 
character density x„i(E) can be defined[2], 
X„,(£) indicates the number of electrons with 
a n/-like charge within the atomic spheres 
per unit energy range (Fig. 3).t 
The band structure of ScN (Fig. 4) shows a 
low lying 2s-band (Figs. 2 and 3), which con¬ 
tains a slight admixture of 3 d- and 4/7-states. 
The 2i-band is separated from the three 
valence bands with predominant 2p-charac- 
ter by an energy gap of 7 -8 e V. 

The analysis of the ^/-character of these 
bands (Fig. 3) shows that they contain only 

•The authors are prepared to provide the q„ (£„) 
values for all states indicated in Table 2 on request. 

tThis was done only for the 256-grid, because *„,(£) 
did not fit into the interpolation scheme for the density of 
states. 
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Table 1 . Quasi-self-consistent potentials V(r) in the Sc- 
sphere and in the N-sphere, referred to the constant 
potential between the APW-spheres as zero (V in Ryd, r in 

a.u.) 


r 

-rV{r) 

r f 

-rV(r) 

r 11 

1 

-rV(r) 

0 00080 

41*90286 

Scandium-sphere 
0-11552 29-81886 

0-66106 

11*04669 

0*00160 

41*80495 

0*12194 

29*33009 

0*68673 

10*66149 

0*00241 

41*70621 

0*12836 

28*85799 

0*71240 

10*29301 

000321 

41*60667 

0*13478 

28*40117 

0*73807 

9*93920 

0 00481 

41*40561 

0*14120 

27*95886 

0*76374 

9*59825 

0*00642 

41*20320 

0*14761 

27*52983 

0*78942 

9*26918 

0 00802 

40*99904 

0*15403 

27*11331 

0*81509 

8*95092 

0*00963 

40*79396 

0*16045 

26*70836 

0*84076 

8*64305 

0*01123 

40*58829 

0*16687 

26*31432 

0*86643 

8*34486 

0*01284 

40*38235 

0*17329 

25*93053 

0*89211 

8*05620 

0*01444 

40*17642 

0*17970 

25*55644 

0*91778 

7*77652 

0*01605 

39*97083 

0*18612 

25*19162 

0*94345 

7*50579 

0*01755 

39*76581 

0*19254 

24*83565 

0*96912 

7*24352 

0*01925 

39*56151 

0*19896 

24*48820 

0*99479 

6*98960 

0*02086 

39*35809 

0*20538 

24*14896 

1*04614 

6*50559 

0*02246 

39* 15579 

0*21179 

23*81766 

1*09748 

6*05197 

0*02407 

38*95459 

0 21821 

23*49397 

1*14882 

5*62501 

0*02567 

38*75468 

0*22463 

23*17776 

1*20017 

5*22579 

0*02728 

38*55612 

0*23747 

22*56668 

1-25151 

4*84920 

0*02888 

38*35899 

0*25030 

21*98280 

1*30286 

4*49408 

0*03049 

38*16333 

0*26314 

21*42409 

1*35420 

4*15886 

003209 

37*96916 

0*27598 

20*88907 

1*40555 

3*84171 

0*03530 

37*58546 

0*28881 

20*37599 

1 45689 

3*54150 

0*03851 

37*20808 

0*30165 

19*88329 

1*50823 

3*25677 

0*04172 

36*83694 

0*31448 

19*40948 

1*55958 

2*98692 

0*04493 

36*47209 

0*32732 

18*95305 

1*61092 

2*73105 

0*04814 

36 11342 

0*34016 

18*51280 

1*66227 

2*48880 

0*05134 

35*76076 

0*35299 

18*08740 

1*71361 

2*25993 

0*05455 

35*41403 

0 36583 

17*67596 

1*76496 

2*04414 

0*05776 

35*07303 

0*37866 

17*27734 

1*81630 

1*84168 

0*06097 

34*73767 

0*39150 

16*89107 

1*86765 

1*65231 

0*06418 

34*40765 

0*40434 

16*51616 

1*91899 

1*47658 

0*06739 

34*08321 

0*41717 

16*15242 

1 97033 

1-31417 

0*07060 

33*76393 

0*43001 

15*79923 

2*02168 

1*16551 

0*07381 

33*44986 

0*44284 

15*45651 

2*07302 

1*03017 

0*07702 

33*14095 

0*45568 

15*12389 

2*12436 

0*90873 

008023 

32*83711 

0*46852 

14 80150 

2-17571 

0*80018 

0*08343 

32*53827 

0*48135 

14*48891 

2*22705 

0*70511 

0*08664 

32*24448 

0*50702 

13*89418 

2*27840 

0*62247 

0*08985 

31*95560 

0*53270 

13*33741 

2*32974 

0*55253 

0*09306 

31*67178 

0*55837 

12*81853 

2*38109 

0*49438 

0*09627 

31*39275 

0*58404 

12*33312 

2*43243 

0*44860 

0*10269 

30*84941 

0*60971 

11*87906 

2*48377 

0*42379 

0*10911 

30*32484 

0*63538 

11*45130 

2*53512 

0*39178 

0*00116 

13*97515 

Nitrogen-sphere 
0*14810 10*68672 

0*80531 

3*80983 

0*00231 

13*95012 

0*15736 

10*51062 

0*84233 

3*60149 

0*00347 

13*92491 

0*16661 

10*33863 

0*87936 

3*40167 

0*00463 

13*89952 

0*17587 

10*17053 

0*91638 

3*21029 

0 00694 

13*84812 

0*18513 

10*00615 

0*95341 

3*02706 

0*00926 

13*79613 

0*19438 

9*84527 

0*99043 

2*85194 

0*01157 

13*74352 

0*20364 

9*68774 

1*02745 

2*68467 


mi 
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Table 1 (cont.) 


2m 


r 

- rVir) 

0*013*8 

13*69037 

1)01620 

13-63675 

0*01851 

13*58271 

0*02083 

13*52830 

0 02314 

13-47358 

0*02546 

13-41860 

002777 

13-36339 

003008 

13*30801 

0*03240 

13*25247 

0*03471 

13 19681 

0*03703 

13 14108 

0*03934 

13-08530 

0 04165 

13 02954 

004397 

12*97616 

0*04628 

12*91803 

0-05091 

12*80680 

0 05554 

12*69598 

0 05017 

12*58571 

0*06479 

12*47616 

006942 

12*36741 

0 07405 

12-25956 

0 07858 

12 15270 

008331 

12-04687 

008794 

II-94212 

0 09256 

11*83852 

0 09719 

11-73604 

0*10182 

11-63476 

0* 10645 

II 53466 

0*11108 

1 1*43575 

011 570 

11*33804 

0 12033 

11*24152 

0 12496 

11*14618 

0*12959 

11*05201 

0-1.3422 

10*95899 

0-13885 

10'86711 


-rV(r) 


0 21290 

9-53334 

0*22215 

9-38197 

0*23141 

9-23342 

0*24067 

9-08764 

0*24992 

8-94445 

0*25918 

8-80380 

0*26844 

8-66558 

0*27769 

8-52977 

0*28695 

8-39628 

0*29620 

8-26511 

0 30546 

8-13621 

0*31472 

8-00960 

0 32397 

7-88522 

0 34249 

7-64346 

0-36100 

7-41067 

0*37951 

7-18727 

0*39802 

6-97292 

0-41654 

6-76792 

0*43505 

6-57177 

0*45356 

6-38436 

0*47208 

6-20505 

0*49059 

6-03344 

0 50910 

5-86879 

0*52761 

5 7)058 

0*54613 

5-55810 

0 56464 

5-41085 

0*58315 

5-26826 

0*60167 

5-12990 

0*62018 

4-99536 

0*63869 

4-86432 

0*65720 

4-73650 

0*67572 

4-61167 

0*69423 

4-48965 

0-73125 

4-25344 

076828 

4 02706 


-rV(r) 


106448 2-52518 

1 10151 2-37321 

1-13854 2-22865 

1-17556 2-09124 

1-21259 1-96085 

1 -24961 1-83720 

1-28664 1-72018 

1-32366 1-50947 

136069 1 50496 

1-39771 1-40636 

1-43474 1-31359 

1-47176 1-22630 

1-50879 1-14447 

1-54582 106776 

1-58284 0-99616 

1-61987 0-92936 

1-65689 0-86736 

1-69392 0-80985 

1-73094 0-75690 

1-76797 0-70819 

1-80499 0-66387 

1-84202 0-62360 

1-87905 0-58758 

1-91607 0-55552 

1-95310 0-52762 

1- 99012 0-50368 

2- 02715 0-48392 

2-06417 0-46822 

2-10120 0-45677 

2-13823 0-44958 

2-17525 0-44697 

2-21228 0-44887 

2-24930 0-45575 

2-28633 0-46184 

2-32335 0-49321 


about 15 per cent 3d-states. The result for 
ScN differs from that for the compounds ScC 
and TiC, but also for TiN (2, 9. 19). The 2 p- 
bands of the latter compounds contain a con¬ 
siderable portion of 3</-states. Because of the 
strong interaction between metal 3d-states 
and nonmetal 2p-states, one can conclude that 
strong covalent bonds exist in these sub¬ 
stances. As compared to ScC or TiC, ScN 
exhibits a less covalent character. 

The conduction bands of ScN have pre¬ 
dominantly 3</-character unlike ScC and TiC, 
whose conduction bands are mixtures of 2p- 
and 3 (/-states. 

While the non self-consistent calculation [2] 


of the energy bands of ScN led to an energy 
gap of about 0-6 eV between the highest 
occupied valence band and the lowest con¬ 
duction band, the present calculation yields 
an energy gap of about 0-1 eV (0-0071 Ryd). It 
should, however, be noted that the relative 
position of the valence and conduction bands 
may depend considerably on the chosen 
exchange potential. 

Based on an empirical relation, which per¬ 
mits the estimation of the energy gaps of 
III-V semiconductors, Sclar[20] predicts a 
value of 2-6eV for the energy gap in ScN. 
For the compounds DyN, ErN and HoN 
Sclar’s estimations are in agreement with his 
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Table 2. Energy eigenvalues E{ k) in Ryd, referred to the 
constant potential between the APW-spheres as zero 


k 

Irred. Rep 

E( k) k 

Irred. Rep. £(k) 

(000) 

r, 

-0-5409 (130) 

G 

0*8356 



0-9755 


0*9168 


r is 

0-4908 

VG 

0*3644 


I 12 

0-7250 


0*6082 



0-6501 


0*8174 

(010) 

A, 

-0-5212 (140) 

z, 

-0*4623 



0-3766 


0*3644 



0-8103 


0*8323 



1-0518 


0*8855 


a 2 

0-7344 

Zz 

0*8246 


A,- 

0-6233 

z s 

0*2860 


As 

0-4612 


0*8039 



0-7058 (140) 

z, 

0*3608 

(020) 

Ai 

-0-4854 


0-5981 



0-2658 (220) 

2, 

-0-4446 



0-8732 


0-2223 


a 2 

0-7551 


0-7810 


A 2' 

0-5653 


0*8524 


a 5 

0-4315 

h 

0-7416 



0-7845 

x 3 

0-3340 

(030) 

A, 

-0-4717 


0-7626 



0-2575 


0-3190 



0-8853 


0-9994 


a 2 

0-7776 (230) 

G 

-0*4436 


A>' 

0-5167 


0-2479 


a 5 

0-4264 


0-3276 



0-8211 


0-7437 

(040) 


-0-4735 


0-8665 



0-8693 


0*9552 


X, 

0-7870 

VG 

0-3118 


X, 

0-4979 


0-7305 


Xr 

0-2818 


0-8117 


X 5 

0-8249 (240) 

IF, 

-0-4504 


Xy 

0-4290 


0*8488 

(no) 

h 

-0-5026 

W 2 

0-8239 



0-3420 

W r 

0-3122 



0-7270 


0-9170 



0-7829 

IF, 

0-3071 


2* 

0-6775 


0*7251 


2 3 

0-4247 (330) 


-0*4521 



0-6925 


0-2899 



0-3872 


0-6435 



0-8760 


0*8778 

(120) 

G 

-0*4694 

k 2 

0*8014 



0-2534 

X* 

0*2904 



0-3637 


0*8106 



0-7775 

K* 

0*3616 



0*8209 


0*9003 



0*9325 (HI) 

A, 

-0*4849 


UG 

0*3830 


0*2976 



0*6410 


0*7144 



0*7736 

a 3 

0*3727 

(130) 

G 

-0*4591 


0*7141 



0*2543 


0-8818 



0-3647 (121) 

G 

-0*4545 



0-8008 


0*2280 
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Table 2 (com.) 

k 

Irred. Rep. 

E(k) 

k 

lrred. Rep. 

E{ k) 

mi) 

a 

0-3311 

(231) 

G, 

-0-4354 



0 6813 



0-3067 



0-78% 



0-7382 



O’9494 



0-9172 


ua 

0-3561 


Qi 

0-2127 



0-7733 

(231) 


0-3236 



0-8919 



0 7589 

mi) 

a 

-0-4475 



0-8091 



0-2386 



09637 



0-3158 

(222) 

L, 

-0-4199 



0-6539 


1-2 

0 1566 



0*8138 



0-8071 



0-9217 


L,. 

0-3043 


ua 

0-3567 



0-7832 



0*8004 



1-0020 



0-8973 





(221) <7 -0-4326 
0-1894 
0-3195 
0-7629 
0-7967 
0-9307 
U<; 0-3108 

0-7603 
0-9983 
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Table 3. Analysis of the charge (q p>B( (£ M ) values) in the APW-spheres (in 
per cent) for some selected energy states 


k 

Irred. Rep. 

Is 

Nitrogen-sphere 

3 s 2p 3 d 

4/ 

4 s 

• . .. . ft** -— 

Scandiuin*sphere 

4 p W 4 f 

£(k) 

(000) 

r, 

75-95 





5*58 




-0-5409 


r is 



86-71 




1-46 


1-84 

0-4908 


r„ 




4-75 




85-52 


0-7250 


r M . 




2-90 




77-23 


0-6501 

(040) 

x, 

83-24 





0-61 


5 33 


-0*4735 


X , 


9-70 


018 


0-01 


85-16 


08693 


Xi 




3-78 




90-38 


0-7870 


X ., 




4-23 




60-25 


0*4979 


x 



60-85 


0-07 


9-78 



0-2818 


X s 




0-02 




93 00 


0-8249 


AV 



79-22 


0-03 


4 52 


1*08 

0-4290 

(240) 

W, 

8413 



0-01 



1-71 

4-15 

0 16 

-0-4504 


w , 


7-21 


M3 

0-02 


001 

86-56 

0-07 

0-8488 


W , 





0-02 



93-10 


0-8239 


w r 



64-19 


0-04 

2*65 


15-64 

0-44 

0-3122 


W,. 



12*93 

2-16 

0-33 

2-03 


76-90 

0-13 

0-9170 


w 3 



56-63 

0-44 

0-06 


6-84 

8*12 

0 10 

0-3071 


W* 



16-84 

1-27 

0-27 


0 19 

65*91 

0-46 

0-7251 

(222) 

L, 

84-29 



0-02 



5-32 


0-46 

“0-4199 


Lr 



48-51 


0-08 

6-88 


10-69 


0-1566 


L r 



20-88 


0-45 

0-84 


69-06 


0-8071 


Lr 



59-19 


0 12 



25-34 


0-3043 


1 1 'i 



2-27 


0-65 



87-85 


0-7832 


Lr 



28-39 


0-49 



69-00 


1-0020 

(330) 

K, 

83-92 


0-05 


0 01 

0-12 

1-65 

4-09 

0-15 

-0-4521 


K, 

0-17 


55-13 

0-53 

0-02 

2-60 

2-78 

12-02 

0-28 

0-2899 


K, 


0-42 

15 18 

2 29 

0 23 

0-44 

0 01 

59-13 

0*49 

0-6435 


K, 


6-72 

3 89 

0-80 

0 12 

0-46 

015 

82-46 

0-06 

0-8778 


k 2 




0 18 

0-20 



90-75 

0-07 

0-8014 


K, 



58-30 

0-17 

0-07 


8-08 

4-83 

0*02 

0-2904 


k 3 



10 52 

0-17 

0 13 


0-10 

80-71 

0 15 

0-8106 


x a 



66-99 

0-11 

0-04 


2-18 

15-48 

0-47 

0-3616 


k 4 



15-23 

2-05 

0-28 


0-85 

77-01 

0*18 

0-9003 


measurements of the absorption edges in the 
optical transmission curves [21]. In the case 
of ScN, however, Sclar[21] did not find a 
distinct absorption edge. From nuclear mag¬ 
netic resonance studies, Kume[22] concludes 
that ScN is semi-metallic. The electrical 
resistivity, measured by Sclar[21] and Lyu¬ 
taya and Samsonov [23], increases linearly 
with temperature. The observed metallic-type 
conductivity, however, is no clear proof of the 
metallic character of stoichiometric ScN. As 
the examined samples were nitrogen-deficient, 
the metallic conductivity might be due to 
nonstoichiometry. 

Very informative is a comparison of the 


charges within the APW-spheres in the crystal 
with the charges obtained by superposition of 
the charge densities of the free ions Sc + and 
N~ and those obtained by superposition of the 
charge densities of the free atoms. The super¬ 
position is made according to the a-expansion 
technique of Lowdin[12]. Such a comparison 
is given in Table 4. The same table also shows 
a comparison of the charges q PMl of the core-, 
semi-core and valence states in the crystal 
with the corresponding charges in the free ions 
and in the free atoms. 

In the Sc-sphere the charge with 4s- 
character decreases by about 0-1 electrons. 
On the other hand* there are 0-2 electrons with 
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t, Ryd 


Hig. V nU haractcr tor ScN in electrons in the 

APW-sphcics per primitive cell * Ryd =■ 0 085 Ryd 


^symmetry. The 3d-charge is only slightly 
increased in comparison with the free atom. In 
the /V-sphere the 2p-charge increases by about 
1 -2 electrons, whilst the charge with the 25- 
character decreases by about 0-1 electrons. 

The treatment of the states which corres¬ 
pond to the atomic 3s and 3p levels of Sc as 
bands leads to wave functions which have a 
more diffuse character than the atomic func¬ 
tions. Thus, an increase of the semi-core 
charge in the /V-sphere is effected as well as a 
decrease of the semi-core charge in the Sc- 
sphere in comparison with the charges 
obtained by superposition of the atomic 
charge densities. 

The comparison of the total charges in the 
APW-spheres with the charges obtained by 
superposition of the charge densities of the 
free ions and the free atoms respectively, 
leads to the following result: 

The charge in the /V-sphere is more negative 
by about 0-2 electrons, the charge in the Sc- 
sphere is more positive by about 0-2 electrons 
than the charges obtained by superposition of 
the charge densities of the free ions. This 
result leads to the conclusion that the charge 
of the particles in solid ScN is larger than 
unity. 
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Table 4. Electronic charges in the APW-spheres and in the intermediate region 
in the Wigner-Seitz cell. 

‘Bands’ refer to the self consistent charge distribution given by the average of the 
occupied states at the 256 k-points in the full Brillouin zone. 'Ionic ( superposed )' 
refers to the charge obtained by superposition of the charge densities of the ions Sc + 
and N~, using the a-expansion technique of Ldwdin[12]. 'Atomic ( superposed )’ 
refers to the charge obtained by superposing the charge densities of the free atoms 
Sc and N via the a-expansion technique. ‘Ionic (free ion)’ or ‘Atomic {free atom)’ 
resp., refers to the charge of the free ion or free atom resp., in the same spherical 

volume. 


State 


Bands 

Ionic 

(superposed) 

Atomic 

(superposed) 

Ionic 
(free ion) 

Atomic 
(free atom) 




Scandium-sphere 




5d 

0-8768 





Valence 

4s 

0 0976 





states 

4 P 

01977 






4/ 

00255 






total 

1-2043 

1-3904 

1-4889 

0-9710 

1-0442 

Semi core 







states 

total 

7-7651 

7-8189 

7-8130 

7-8187 

7-8128 

Core states 

total 

10-0000 

10-0000 

10 0000 

10-0000 

10-0000 

Total charge 







in APW-sphere 


18-9694 

19-2093 

19-3019 

18-7897 

18-8570 




Nitrogen-sphere 




2s 

1-6579 





Valence 

2 P 

3*6161 





states 

3 d 

0-0139 






4/ 

0-0032 






total 

5-2935 

5-0922 

4-7335 

4-7810 

4-2126 

Semi core 







states 

total 

0-0500 

0-0258 

0-0269 



Core states 

total 

20000 

2-0000 

2-0000 

2-0000 

2-0000 

Total charge 







in APW-sphere 


7-3435 

7-1180 

6-7604 

6-7810 

6-2126 


Charge between the APW-spheres 
Valence states 1 -5030 

Semi core states 0-1832 

Total charge between 
the APW-spheres 1 -6862 


Therefore, ScN is assumed to have a more 
distinct ionic character than ScC; with the 
latter compound the charge in the Sc-sphere 
increases by 0-5 electrons and the charge in 
the C-sphere increases by 0-4 electrons when 
forming the compound. This result might be 
modified by a self-consistent calculation, but 
its essential features will be retained. While 
ScC hardly possesses ionic character, a 
transfer of charge from the Sc-nucleus to the 
N-nucleus must be assumed in ScN. 

Because of the filled valence bands, one 
might expect that ScN is a considerably more 


stable compound than ScC. As a matter of 
fact, the observed deviations from the stoi¬ 
chiometry in the case of ScN are considerably 
smaller than in the case of ScC. Thus, samples 
with a composition ScN 0-97 could be prepared 
[23]. ScC, on the other hand, whose Fermi- 
level lies in the range of high density of states, 
only exists with a high carbon deficiency as 
ScCo3-o-s[24,25]. 
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Optimized LCAO interaction integrals (Ryd). (For nota¬ 
tion see Slater and Roster f 17 J). 
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Abstract-The influence is considered of the high field/low field transition upon the interpretation of 
the transverse magneto resistance and the Hall effect in dilute polycrystalline alloys containing a 
magnetic solute. It is shown that when the experiment encompasses such a transition the usual method 
for calculating the temperature-independent positive contribution to the magnetoresistance can lead 
to appreciable systematic error. In the case of the Hall effect, on the other hand, when allowance 
is made for the above transition the interpretation leads to the separation of a spin component which 
saturates in an external field of a few kilogauss. It is shown that this contribution is probably due to 
the presence of superparamagnetic clusters which, being ferromagnetic particles, shown an anomalous 
Hall effect on a microscopic scale. In the presence of an externa! field these individual components 
are added constructively to give the observed macroscopic spin contribution. Evidence is shown of 
clustering in very dilute alloys of the AuFe, CuFe, CuMn and AgMn systems. 


1. INTRODUCTION 

This paper is concerned with the interpreta¬ 
tion of results of measurements of the trans¬ 
verse magnetoresistance and the Hall effect 
in polycrystalline alloys where the experiment 
encompasses the transition between the high 
and low-field conditions. We have considered 
elsewherefl] this problem when applied to 
the Hall effect in poly crystalline samples of 
the pure group IB metals, and this extended 
here to the case of noble metal based alloys 
containing magnetic impurities in dilute con¬ 
centrations. When a magnetic field is applied 
to such a sample it produces a component in 
the total electrical resistance of the sample 
which is of opposite sign to the normal in¬ 
crease resulting from the effect of the Lorentz 
force. This is known as the spin contribution , 
or negative magnetoresistance , and we shall 
show that there is a corresponding spin 
contribution in the Hall effect. 

It is the method used to extract this spin 
contribution from the measured values of the 
total Hall and magnetoresistance effects which 
is the subject of this paper. We try to show, 
using a combination of empirical examples 
and assumptions based upon them, that to 


ignore the transition between the above con¬ 
ditions is to risk systematic error in the deter¬ 
mination of the spin contribution. Further¬ 
more, we show that this error is probably 
quite significant in the usual procedure 
employed by previous workers to determine 
the spin component of the transverse 
magnetoresistance of some low temperature 
systems exhibiting a Kondo effect. 

The work has involved the measurement of 
the field dependence at 4-2°K (in the range up 
to 1517 kG) of the Hall effect and the trans¬ 
verse magnetoresistance in polycrystalline 
samples of Cu, Ag or Au containing one of 
In, Cd, Sb, Pd, Fe or Mn in concentrations 
up to about 6000 atomic ppm. In some cases 
the temperature dependence (in the range 
4*2-77°K) of the transverse magnetoresis¬ 
tance at 15-17 kG was also determined. The 
results and their discussion for the measure¬ 
ments of the magnetoresistance and Hall 
effects are considered separately in Sections 
3 and 4 respectively. 

2. EXPERIMENTAL METHOD 

The measurements of the magnetoresistance and the 
Hall effect were made upon the same sample and in 
identical experimental conditions. (We have already 
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reported ft] Hall effect result# obtained during this work 
for *y*iems containing non-magnetic solutes.) Tne 
jampfcft were therefore in the form of flat plates with 
the shape described previously f31 and into which pointed 
potential probes were pressed. These were aligned along 
the longitudinal axi# of the sample with a separation of 
about 3 cm. The shape of the samples was consequently 
far from the optimum for accurate absolute magneto- 
resistance measurement*, but we find that the precision 
of our data is sufficient to illustrate the points under 
consideration The precision of the magnetoresistance 
(he. the ordinate of Figs. 1-3) is estimated between 
0 2-4 per cent, with the maximum imprecision occurring 
at the lowest field strength. The error in the Hall resis¬ 
tivity it estimated to amount to about + 0-007 vm amp" 1 , 
*o that the uncertainty in the differences plotted as 
ordinate in Figs. 6-8 is about twice this amount AH 
measurements were made with a dc potcntiomelric 
arrangement 11.3j having a resolution of I x 10 V Field 
strengths up to 15 I7kti were available. The voltages 
arising from the Hall and magnetoresistance effects were 
determined from the mean of results obtained from the 
four permutations of applied electric and magnetic field 
directions 

The Consolidated Mining and Smelting Company 
supplied the Ag. Au, Cd. Sn and Sb starting materials 
of ft A grade, togcthci with the In of *>N grade The 
American Smelting and Refining Company supplied the 
Cu of 6 N grade. The Mn of 99-99 per cent purity was 
supplied by King Products, while the Fe of equivalent 
purity had been obtained privately from the Batelle 
Memorial Institute. The details of the sample preparation 
arc exactly as described previously 11 -3 ] Before measure¬ 
ment, each sample was annealed in vacuum for a mini¬ 
mum of 24 hr. at 550V u> assist homogenisation and the 
the relief of internal strain. The concentrations are every¬ 
where quoted m atomic ppm (see the relevant figures) 
and were determined by the Analysis Section of NRCC 
using the method of atomic absorption. As a check upon 
the metallurgical state, wc verified wherevci possible 
for each alloy series that the RRR[** R m jR 4 rK ) showed 
u linear dependence upon the chemical concentration. 


3. TRANSVERSE M AG NETf RESISTANCE 
3-1 Introduction 

In the low-field condition the topology of 
the Fermi surface has no direct influence upon 
the electronic motion and the standard theory 
[4] predicts that the transverse magneto- 
resistance (Ap/p w »o, where Ap is the change in 
electrical resistance p produced by the field 
H) will vary as as is observed experimen¬ 
tally. In the high-field condition an ideal 
polycrystalline sample of an uncompensated 
metal with an open Fermi surface consists 
of randomly oriented crystallites in which 


&p/p Hm o is either saturated or varying as H *. 
Those crystallites in which Ap/p*_o remains 
large are short-circuited by those in which it 
has saturated, and it appears from experiment 
that the net result of the averaging over a 
large number of crystallites is an essentially 
linear dependence of Ap/p*-o u P° n Ziman 
[ 4 ] suggests that this arises from the reduc¬ 
tion with increasing H in the number of effec¬ 
tively open orbits, since at lower fields a very 
extended orbit can appear to be open. But to 
derive the linear field dependence from first 
principles is a difficult problem in the general 
case, and the most recent attempt is probably 
that by Stachowiak[5] to which the interested 
reader is referred. Consequently if the condi¬ 
tions are changed from the high to the low- 
field state, the dependence of Ap/p H « 0 upon 
H will change correspondingly from a linear 
to a quadratic behaviour. An example of this 
for some Ag-based alloys is shown in Fig. 1 
in the form of a Kohler plot. 

We are concerned with the significance of 
this transition in measurements of Ap made 
upon very dilute alloys where the end result 
is a difference between the value obtained for 
the pure solvent and that obtained for the 
alloy. For example, the negative magneto¬ 
resistance of dilute alloys containing magnetic 
impurities is of interest in the study of the 
Kondo effect. It has usually been obtained 
(as in, for example, Monod[ 6 ] and Day bell 
and Steyert[7]) from the total magneto¬ 
resistance of a dilute alloy at low temperatures 
(which is generally typical of the low or inter¬ 
mediate field condition) by subtraction of a 
temperature-independent positive contribution 
obtained for the sample at a relatively high 
temperature where the negative contribution 
is negligible. Such a procedure will be shown 
to imply that the latter measurement is typical 
of the high-field condition (since it implies a 
linear variation of Ap with //), and it is the 
systematic error incurred in this assumption 
and in subtracting a high-field result from that 
representative of a low or intermediate-field 
condition which is the subject of the following. 
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3.2 Transverse magnetoresistance results found at 15-17 kG for the pure Ag sample. 
and their discussion The isothermal results show the transition 

Fi gur e 1 shows in a Kohler plot the field from the linear field dependence in the pre¬ 
dependence of bplpH-o measured at 4-2°K dominantly high-field condition to the 
for Ag containing In, Cd and Sb in the con- quadratic behaviour of the low-held condition, 
centrations indicated, as well as the corres- Note that the temperature dependence of 
ponding temperature dependence of Ap/p w _o Ap/p H _o retains the linear field dependence 

TEMPERATURE ( *K ) 



H/o ( kG !fji cm) 

Fig. 1. A Kohler plot showing the field dependence of the trans¬ 
verse magnetoresistance measured at 4-2°K for the polycrystalline 
samples indicated. The solute concentrations are in atomic ppm. 
Also shown is the corresponding temperature dependence at 15-17 
kG found for pure Ag. 
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characteristic of the high-field condition to 
lower values of HIpH-o than isothermal 
field dependence. 

This has also been observed by Saeger 
and Liick [8] in measurements upon Cu, and 
it presumably reflects the relatively greater 
effect upon the open orbits of scattering by 
non-magnctic impurities than that by low 
temperature phonons. The latter are known 
to give anisotropic scattering and to be most 
effective in scattering electrons located in 
neck states (since Umklapp processes from 
belly states are frozen out at low tempera¬ 
tures), while the impurities under considera¬ 
tion give predominantly .f-type scattering and 
involve therefore predominantly electrons 
in belly states. Furthermore, qualitatively 
speaking, an open orbit is seen in general to 
involve a longer segment upon the belly 
surface than upon a neck, and this will tend 
to emphasize the importance of .v-type 
scattering in bringing about the transition of 
an open orbit to the low-field condition as 
the total amount of scattering is increased. 

An intermediate case between the scatter¬ 
ing effects of phonons and the above poly¬ 
valent impurities is provided by a transition 
metal impurity which has a large d-component 
in its scattering potential. Since, according to 
band structure calculations [9,10] for Cu and 
Ag at least, there is a strong d admixture of 
the wave functions along the (110) direc¬ 
tions (although it is weakest in the case of 
Ag), the implication is that electrons in states 
on these areas of the Fermi surface will be 
subjected to strong scattering by such an 
impurity, Ni in Cu has been cited as an 
example of this[Il], and Fig. 2 shows some 
results for the apparently equivalent example 
of Pd in Ag. Comparison of the transition 
from the high-field behaviour shown in Figs 
1 and 2 illustrates the point under considera¬ 
tion; as Htpu^ is reduced, the high-field 
behaviour is maintained by the AgPd samples 
to a degree intermediate between the extreme 
cases provided by scattering by the low 
temperature phonons and by the charged 5 - 


type impurities. This is thought to reflect the 
fact that since some of the open orbits (for 
example, those lying in bands with their axes 
along either the <110> or (111> directions) 
traverse the regions of the Fermi surface for 
which there is a high admixture of d-wave 
functions, they consequently experience the 
intensive scattering in these regions due to 
the presence of the transition metal solute. 
While there are other open orbits (analogous, 
for example, to those directed along the (1 00) 
directions in Cu[12]) which do not directly 
traverse these regions and which are conse¬ 
quently less affected by the d-wave scattering. 
Our experiments indicate that the net effect 
of all this is somewhere between that seen for 
low temperature phonons and for 5-type 
impurities, but such a view must remain 
speculative until further data are available. 

The situation when the impurity has a 
localized magnetic moment and therefore 
contributes a negative component to the 
transverse magnetoresistance is illustrated 
in Fig. 3 for the case of some AgMn alloys. 
In these experiments the negative component 
in samples containing ^100 ppm solute was 
too small to be detected, and the resulting 
positive magnetoresistance shows the smooth 
transition between the quadratic and linear 
dependence which is typical of a non-mag- 
netic solute. In this case the transition is 
between the low-field region, where Ap/p w „ 0 
is determined by the anisotropy of the elec¬ 
tron scattering by the Mn ions, toward the 
high-field region where the galvanomagnetic 
properties are independent of the nature of 
the scattering process. This is the ‘background 1 
variation of A plp Hac0 observed when the spin 
component is vanishingly small. It is there¬ 
fore the normal Coulombic contribution 
arising from the Mn ion. The negative 
component is superimposed upon this back¬ 
ground in Fig. 3 and its value at any given 
abscissa should therefore be obtained as the 
difference between the total A pip H ^ and the 
corresponding positive value obtained from 
the background field dependence. Note that 



DILUTE ALLOYS CONTAINING MAGNETIC SOLUTES 


Tim 



Fig. 2. A Kohler plot showing the field dependence of the trans¬ 
verse magneto resistance measured at 4-2°K for the polycrystalline 
samples indicated. The solute concentrations are in atomic ppm. 
The quadratic and linear field dependences appropriate to the low- 
and high-field conditions are shown by the dashed lines. 


we have made no assumptions about the 
nature of the spins giving rise to the negative 
component; they may be individual and 
localised or they may arise from clusters of 
solute ions. This is relevant since it appears 
from our Hall effect results in Section 4 
that some clustering may occur in the alloys 
we have studied. 

In order to obtain the negative component 


from measurements of the total magneto¬ 
resistance made in the intermediate field 
condition, it is clearly incorrect in principle 
to subtract a positive contribution which has 
been obtained by extrapolation from data 
appropriate to either the low or high-field 
conditions. To illustrate this point, the insert 
in Fig. 3 represents schematically the pro¬ 
cedure carried out by, for example, Monod 
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Fig. 3 A Kohler plot showing the field dependence of the transverse 
magnctoresi stance measured at 4-2’ > K for polycrystalline samples of 
AgMn. Ihe solute concentrations are in atomic ppm The solid line 
shows for comparison the equivalent results for the non-magnetic 
solutes of Fig. I, and the dashed lines indicate the quadratic and linear 
field dependences appropriate to the low- and high-field conditions. 
The insert shows a stylised view of the temperature dependence of the 
positive component of the transverse magneiorcsistance of the system. 
This is used in the text to illustrate how a systematic error can be 
incurred in the determination of the negative component from the data. 


16) and Daybell and Steyert[7] in their study 
of magnetoresistance in tow temperature 
Kondo systems, it represents in a Kohler 
plot the temperature dependence of the posi¬ 
tive component of the total magnetoresistance 


in an altoy containing an insignificant 
amount of magnetic impurity. The procedure 
used by the above workers involves the deter¬ 
mination of a positive contribution in the range 
I5-20°K, and this is systematically subtracted 
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from the total magnetoresistance measured at 
low temperature. The result is taken to be the 
negative component. The above temperature 
range is chosen since in it any negative 
component due to a magnetic solute was 
small in the fields available, and the scatter¬ 
ing by phonons was taken to be negligible. 

But a sample containing 28-75 ppm solute 
[6,7] subjected to tens of kilogauss in this 
temperature range is not in the high-field 
condition and, since the negative component 
is negligible in this case, the corresponding 
value of Hlp Hm0 can be represented by A in 
the insert to Fig. 3. The procedure used by the 
above workers then assumes that the positive 
contribution so obtained remains independent 
of temperature down to the lowest tempera¬ 
tures. This is equivalent to assuming a linear 
dependence of A p upon H (such is observed 
in any case in the high-field condition) and 
in the Kohler plot of Fig. 3 (insert) this is 
represented by the solid line of unit gradient 
and labelled Z. The procedure used is there¬ 
fore an extrapolation of a high-field depen¬ 
dence into an intermediate-field regime, 
and the error arises from the difference 
between the assumed variation Z and the 
real one represented by R. For a value of 
ff/PH-o = B in the figure (such as would be 
produced by lowering the temperature of the 
sample), the error in the positive contribution 
calculated by this procedure is represented 
by the difference between the ordinates X 
and Y. 

The important question is whether the 
above method can give rise to a significant 
source of error in the measurements. To ans¬ 
wer this each case must be considered 
separately, since the magnitude of the 
error depends upon how close A of Fig. 3 
(insert) is to the high-field condition and this 
in turn is a function of the applied field 
strength, the temperature, and the purity of 
the sample. (This is why, for example, Monod 
[6] found empirically for a 17 ppm CuMn 
alloy that Ap apparently varied linearly with 
H for sufficiently high fields in the range 1 -4- 


20 °K. Our point is that it is mcorrect to 
therefore assume that a similar relationship 
is valid in the results for the 75 ppm alloy 
which formed the main part of his letter.) 
We can obtain some idea of how significant 
is the error which'arises in Ag-based alloys 
from a consideration of our data shown in 
Figs. 1-3, and especially the temperature 
dependence of Ap/p H _o obtained for pure Ag 
at 15 kG (clearly comparable with the range 
10-26 kG used in the work cited above) and 
shown in Fig. 1. 

When the sample has a value of H/p Hm0 
in the approximate range 5X10*—10 s , 
which corresponds roughly to the situations 
existing in the work by Monod [6] and Day- 
bell and Steyert[7], the error in Ap/p„_o pro¬ 
duced by the procedure outlined above (which 
is given by the separation XY of Fig. 3) 
would be about 0-03. If we then take for illus¬ 
tration the specific case of Ag + 99-8 ppm 
Mn at 15 kG, since this corresponds closely 
to the case of the slightly less concentrated 
CuMn sample studied by Monod at slightly 
higher field strengths, the appropriate value 
of HlpH=o (i.«. B of the insert to Fig. 3) is 
790 kG/pflcm. p HmQ in this case was found 
to be 0-019 pflcm, so that the error in the 
estimated positive component of Ap could 
be about 0-6 nficm. Since the total negative 
component of Ap in such dilute, noble metal 
based alloys amounts typically to about [6] 
0-6 nficm, we see that an error of about 
10 per cent could be incurred by this pro¬ 
cedure. Furthermore, it is clear from the 
insert in Fig. 3 that the error always reduces 
the apparent magnitude of the negative com¬ 
ponent. It is interesting to note in this connec¬ 
tion that Monod [6], in footnote 10 of his 
letter, refers to a correction of a few per cent 
increase which was made to his measured 
value of the negative component of Ap in 
order to account for an evident systematic 
error arising from his procedure. 

It follows from the above that such a single, 
temperature-independent correction cannot in 
principle be valid if it is to correct for the 
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error arising from the separation XY in Fig. 
3 (insert), since this is a function of the field, 
the temperature, and the solute concentration 
in the sample. It seems to us that in such 
measurements where some part of the experi¬ 
ment is conducted in the intermediate-field 
condition, the only method for the determina¬ 
tion of the negative part of Ap which is correct 
in principle is to make a Kohler plot such as 
Fig. 3. The negative part can then be obtained 
for a given abscissa as the difference between 
the ordinate value obtained for the alloy 
and that corresponding to the 'background' 
curve obtained for samples effectively free of 
magnetic impurity. Since the latter will be 
displaced with varying temperature, this pro¬ 
cedure should strictly speaking be carried 
out at each temperature of measurement, al¬ 
though in measurements made only in the 
residual resistance temperature range it 
may be found in practice that this is un¬ 
necessary. 

Note that we cannot estimate from the 
above the uncertainty in Monod's values of 
the exchange parameters caused by his 
erroneous analysis. This would require a 
knowledge of the effective moment of the 
scattering spin (see equation (1) of [6]) and, 
although Monod assumes they are individual 
localised moments, we show in the following 
that there is probably significant clustering 
in the alloys we have studied and therefore 
such an assumption is not well founded, 

Rohrer's study! 13) of magnetoresislance 
in relatively concentrated alloys (011-1-2 
at.%) could also be mentioned in this context. 
However, his procedure did not consider 
either of the principal points of this paper: 
the possibility of clustering effects, and the 
influence of the high-ficld/iovv-fidd transition 
upon the positive contribution. 

4. MALI. EFFECT 
4,1 Introduction 

The appearance of a Hall field E H in a 
sample carrying a current density J can be 


characterised by the Hall resistivity p H given 
by 

p H — E h I J x = RhH (1) 

J s is the longitudinal component of J, H is 
the applied magnetic field and Ru is the Hall 
coefficient defined at H “ H' by 



It is convenient to introduce the argument by 
anticipating our experimental results by means 
of a schematic representation of the field 
dependence expected for the quantities de¬ 
fined in < 1) and (2). 

Figure 4 shows an exaggerated (for clarity) 
and idealised representation of the dependence 
of R h and p H upon H expected for a fixed, 
low temperature as the conditions are made 
to vary between the high and low-field limits. 
The sketch is for an arbitrary material, in 
either a single crystal or poly-crystalline 
form (although we are concerned through¬ 
out principally with the polycrystalline case), 
containing a variable concentration of some 
scattering source, which in this case we shall 
take to be a non-magnetic solute element. 
The behaviour shown in the figure is idealised 
in that we have assumed there to be no evident 
effects of either a solute-solute interaction 
or any change in the solvent metal’s band 
structure as the solute is added. 

In the low-field condition E H (and hence 
p r ) is a linear function of H. R fi is therefore 
field-independent and, as is well knownfll], 
its value is determined from the magnitude 
at each point on the Fermi surface of the 
electron's mass, velocity, and (anisotropic) 
relaxation time associated with the dominant 
scattering mechanism; the topology of the 
Fermi surface has no direct influence upon 
the galvanomagnetic effects. In the high-field 
limit p H is again a linear function of H but the 
gradient of this function is now determined 
solely by the geometrical details of the Fermi 
surface of the solvent metal and by its state of 



DILUTE ALLOYS CONTAINING MAGNETIC SOLUTES 


aon 




a b 

Fig. 4 An idealised representation of the isothermal, low temperature field dependence of (a) the Hall coefficient 
and (b) the Hall resistivity (or field) which is observed when the experiment encompasses the high- field/low-fi eld 
transition. The example represents an alloy system containing various dilute concentrations of a non-magnetic 

solute. 


compensation; the nature of the dominant elec¬ 
tron scattering process is irrelevant. (Several 
examples of the behaviour illustrated in Fig. 
4(a) can be found in the literature. We have 
previously shown [1] the efFect in Cu-based 
alloys, while the case of A1 is particularly 
striking since it involves[14] a change in the 
sign of R h .) 

Note that at low temperatures the ideally 
pure solvent metal is taken to be necessarily 
in the high-field condition for all values of 
H , where by ‘pure’ we mean a sample in which 
the electron’s mean free path is not signi¬ 
ficantly limited by impurities or by lattice 
imperfections. This is justifiable since, in 
terms of the scale we envisage for Fig. 4(b), 
for all practical purposes the pure solvent 
undergoes the transition to the high-field con¬ 
dition at the zero-field value. This has an 
important bearing upon the interpretation of 
the data: at a fixed H , the difference between 
Ph for the alloy and that for the pure solvent 
might appear to give the contribution to p H 
due to the solute addition. But, as Fig. 4(b) 
shows, when the alloy is measured in the low- 


field condition this procedure will clearly 
give an erroneous field dependence for the 
solute’s contribution to p H since it will re¬ 
flect the difference between the field depen¬ 
dences characteristic of the high and low-field 
conditions, and this should not be confused 
with any intrinsic contribution from the solute 
atom. 

The preceding has been concerned with the 
case when the solute atom possesses no 
magnetic moment, while in Fig. 5(a) we show 
schematically by means of the solid lines the 
corresponding behaviour observed when the 
solute is magnetic. [The dashed lines repre¬ 
sent for comparison the non-magnetic case 
and are identical to the behaviour shown in 
Fig. 4(b).] The sketch shows the presence in 
the low-field condition of a contribution which 
appears to saturate with increasing field 
strength. This we shall refer to as a spin con¬ 
tribution. As the field is increased above the 
saturation of this component, p H varies linearly 
with H up to the transition to the high-field 
condition. For a sufficiently dilute alloy the 
spin contribution becomes too small to be 
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detectable and the field dependence of p w is 
then identical to the case for a non-magnetic 
solute. 

Since we wish to discuss the spin contri¬ 
bution to the Hall effect, and to avoid the 
erroneous component of the field dependence 
to which we referred above, we have chosen 
to present our data and their discussion in 
terms of Ap# defined as shown in Fig. 5(a). 
For a fixed value of H . this represents the 
difference between p w and its value extra¬ 
polated from the low-field condition for an 
alloy with a negligible amount of magnetic 
solute, |as indicated by the dash-dot line of 
Fig. 5(a)). Experimentally the establishment 
of this extrapolation presents no problem 
when the data follow the idealised behaviour 
shown in Fig. 5(a), since it is known that the 
linear extrapolation must pass through the 
origin and also be parallel to the low-field 
dependence upon H observed when the mag¬ 
netic component is saturated. But in less 
well behaved systems (of which AgMn is 
found to be an example) the extrapolation is 
considerably more uncertain and it can lead 


in those cases to significant systematic error 
in Ap w . It is seen from the behaviours illus¬ 
trated in Figs. 4(b) and 5(a) that three possible 
field dependences can be expected for Ap#* 
These are illustrated in Fig. 5(b); curves A 
and B represent the behaviour of A p H in 
a sample which contains an appreciable 
amount of respectively a non-magnetic and 
a magnetic solute, and which undergoes the 
transition to the high-field condition at X. 
The difference between these two curves in 
the low-field condition therefore represents 
the spin contribution to the Hall effect. Curve 
C, on the other hand, represents an exagge¬ 
rated case of B in which the conditions are 
such that the experiment does not encompass 
the high-field/low-field transition in the range 
of fields available. Examples of each of these 
behaviours can be seen in the following 
results. 

4.2 Hall effect results 

Figure 6 shows the field dependence of 
Ap// obtained at 4-2°K for some poly crystalline 
alloys of the AuFe system. At the lowest 
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Fig. 5. (a) An idealised representation of the isothermal field u 

observed for a dilute alloy containing a magnet.c solute when H * rCS,StlV J ty ( ° r ficld) 
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field dependence which can be expected for Ap„ defined in Figs. 4(b) and'^af"' ‘ ° f 
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Fig. 6. Field dependence at 4-2°K of [Fig. 5(b)] for 
polycrystalline AuFe samples. Here, and in Figs. 7 
and 8, the accuracy of Ap w at any value of H is approxi¬ 
mately ±0 014 x 10“ ,# vmA” 1 . The dash-dot lines are the 
Langevin function [(3) of the text] obtained for the argu¬ 
ments indicated. These correspond to approximately 7 
and 14 atoms per cluster for the L(6) and L{ 12) functions 
respectively. 

solute concentration (4 ppm) the spin con¬ 
tribution is not detectable, and A p H shows a 
field dependence of Type A [refer through¬ 
out to Fig. 5(b)] with a transition X to the 
high-field condition occurring in the range 


2-4 kG. The spin contribution becomes 
detectable, however, when the concentration 
is increased to 21 ppm, and Ap# then shows 
a field dependence of Type B; X in this case 
lies in the range' 6-10 kG. For the remaining 
examples shown in Fig. 6 the concentration is 
large enough that with the fields available we 
are unable either to produce the transition 
to the high-field condition or to saturate the 
spin contribution. Consequently they can be 
classified as Type C. 

Figure 7 shows a similar set of data ob¬ 
tained for alloys of the AgMn system. In the 
case of the two most dilute samples (24 and 
50 ppm Mn) there is no detectable spin 
contribution and their behaviour is Type A. 
For the rest there is evidence of a small spin 
contribution at low field strengths but its 
saturation is obscured by a component which 
leaves the total A p H relatively independent 
of concentration. This cannot represent the 
transition to the high-field condition (since 
it is independent of concentration) but com¬ 
parison with the results of Fig. 3 shows that 
it is correlated with the onset of the detectable 
negative component in the transverse mag¬ 
netoresistance. We shall see that it is there¬ 
fore thought to arise from the progressive 
alignment of the localised moments upon the 
individual Mn atoms as the field strength is 
increased. 

Figure 8 shows corresponding results for 
alloys of the CuFe and CuMn systems. These 
have been included to show the behaviour 
observed for two systems having widely 
separated Rondo temperatures (T K ). It is 
seen that even so there are qualitative simi¬ 
larities in each case: the two samples of lowest 
concentrations show a field dependence of 
Type A, while Cu-Hll ppm Mn and Cu + 
48 ppm Fe show a spin contribution which 
apparently saturates at fields of a few kilo- 
gauss. The most concentrated alloys in each 
system are in the low-field condition through¬ 
out the experiment (although in the case of 
Cu + 308ppm Mn A p H shows a non-linear 
dependence upon H because at higher fields 
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Fig 7. Field dependence at 4-2°K of [Fig. 5(b)l for poly- 
erystaHinc AgMn alloys. These results show an apparently 
concentration-independent component at higher concentrations 
and fields which correlates with the appearance of a negative 
mugnctoresistance component in the corresponding data of 
Fig. X 


it contains that component which correlates 
with the negative magnetoresistance, and 
which was referred to above in connection 
with the AgMn system). 

4.3 Discussion of the Hall effect results 
The results shown in Fig. 6 have several 


features which are quite unexpected in terms 
of what is known of this system from theory 
and experiment. But before we discuss these, 
we would like to draw attention to a similarity 
between these results and those obtained 
earlier by Gaidukov [15] for a somewhat 
impure sample of Au (which is generally 
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assumed to have contained traces of Fe since 
it showed the resistance minimum effect). 
Specifically we refer to the field dependence 
of the Hall voltage (measured in the range 
0-20 kG and at temperatures between 0.07 
and 295°K) shown in Fig. J of that paper. 
At the lower temperatures £„ shows an 
abrupt change between two separate, linear 
field dependences. Close scrutiny shows that 
as the temperature is raised this change occurs 
at correspondingly higher values of the 
applied field. At 295°K there is no such 
change, and E H is a single, linear function of 
H over the whole range of fields studied. As 
we have already pointed outfl], here is a 
manifestation of the high-field/low-field tran¬ 
sition, and we can now see a direct comparison 
between Fig. 1 off 15] and the behaviour 
shown in Fig. 5(b). 

At room temperature the scattering by 
phonons was sufficient to maintain the low- 
field condition throughout Gaidukov’s experi¬ 
ment (hence the single, linear field dependence 
observed for E H ), but at lower temperatures 
the experiment encompassed the high-field/ 
low-field transition with the resultant change 


in slope of the field dependence of E H . The 
sample in Gaidukov’s experiment was nomi¬ 
nally pure, and the concentration of the 
magnetic impurity was evidently small enough 
that no spin component in E H was observable. 
His data therefore fall into the category Type 
A of Fig. 5(b) and are qualitatively equi¬ 
valent to our results for Au + 4 ppm Fe shown 
in Fig. 6. The anomalous ‘step’ in the field 
dependence of R H found by Gaidukov (and 
which in any case is made more abrupt by 
his erroneous method of calculating R H from 
E h ) is therefore not an intrinsic property of 
Fe in Au, and it was incorrectly cited as such 
by More (16] in connection with some pre¬ 
vious theoretical results. 

Probably the most obvious supposition 
relating to Fig. 6 is that the spin component 
arises from the effect upon spin-fiip scattering 
of the alignment of the individual localised 
moments as the external field is increased. 
This effect is thought to be a principal cause of 
the negative magnetoresistance [17] in the 
low-field regime, and it has already been 
considered to give rise to an anomalous field 
dependence of R„ in Kondo systems [18]. 
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Briefly, the physical picture is that[17.18] the 
itinerant electrons can be treated by a two 
band model each band containing electrons of 
a given spin direction. With no external field 
the electrons in each band are identical except 
for their spin configuration, but as the strength 
of the applied field is increased a difference 
appears between the relaxation times asso¬ 
ciated with each band, and this appears direct¬ 
ly as a field-dependent contribution to R^. 
The difference between the relaxation times 
arises because only the lowest Zeeman 
levels of the magnetic ion are occupied in 
the higher applied fields, whereas all levels 
arc involved in the spin scattering at zero 
applied field. A spin-flip process which can 
only lead to a final, total energy for the elec¬ 
tron which lies in the already occupied energy 
range is forbidden by the exclusion principle, 
and for a given initial spin direction these 
processes become 117) an increasingly greater 
fraction of the total number of spin-flips as 
the external field is increased. Hence the 
origin of the increasing difference between the 
relaxation times of electrons of different 
initial spin configurations. 

The above processes are expected to make 
an important contribution to the low-field Hall 
effect[ 18J at least until all the ionic moments 
are aligned in the external field, and this will 
occur at about[17] Kp, B Hlk f ,T = 4. (# is here 
the g-value of the magnetic ion, p H is the 
Bohr magneton and k B is Boltzmann’s con¬ 
stant) Taking for simplicity g = 2, saturation 
at 4-2°K is expected to occur at about 120 
kG-a vastly higher field than the few kilo- 
gauss at which we observe saturation in Fig. 6. 
Clearly, this suggests that the observed spin 
component does not arise from the alignment 
of the ionic spins. This is further supported 
by the apparent lack of correlation between 
the negative magnetoresistance and the satur¬ 
ating spin component in the Hall effect. For 
example, the corresponding magnetoresis¬ 
tance results for the samples described in 
Fig. 6 show a qualitative behaviour identical 
to that illustrated in Fig. 1 (it seems un¬ 


necessary to reproduce them here). The only 
evident negative component is found to be 
small and to occur for the two most concentra¬ 
ted samples and at the highest values of 
HIp H -o, whereas the spin component in the 
Hall effect is evident in all but the most dilute 
sample. A clearer illustration of this lack 
of correlation is obtained from the comparison 
between Figs. 3 and 7, to which we have 
referred in Section 4.2. 

Our experiments show no evident correla¬ 
tion between the presence of a spin component 
and the value of the Kondo temperature T K 
for the system. T K varies over about three 
decades between the systems we have con¬ 
sidered [19] and yet a comparison of Figs. 
6-8 shows that qualitatively the same 
behaviour is observed for the spin component 
in each case. We therefore conclude that the 
spin component is not intimately connected 
with either the Kondo effect or the formation 
of the compensated Nagaoka state. 

But the qualitative behaviour shown in 
Fig. 6 is reminiscent of an observation first 
made by Daybell and Steyert[20] in the study 
of the low temperature (T < 1°K) magnetic 
susceptibility of very dilute CuFe alloys. 
They observed a field-dependent component 
which saturated above about 1 kC to a 
temperature-independent value. Later work 
established a corresponding component in 
NMR experiments[21] and in measurements 
of the magnetisation [22]. Although the origin 
of this component has not been conclusively 
established, there is considerable evidence 
[19,21] that it arises from the superpara¬ 
magnetism of clusters of precipitated solute 
atoms. It is envisaged that these clusters 
(containing perhaps 20-100 solute atoms) 
are precipitated during the fabrication of the 
sample; each is imagined to be a single-domain 
ferromagnetic particle having a correspond¬ 
ingly large total moment. Provided the thermal 
relaxation of their moment to the surrounding 
lattice is fast enough, the magnetisation of the 
body will be determined by the Langevin 
function 
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T(jc)= coth(x)- \lx. (3) 

Here x = p.Hlk B T, where p. is the total 
moment of the cluster. 

We believe that this effect also provides' 
a plausible explanation of the observed spin 
component in R H . An itinerant electron 
travelling in the ferromagnetic cluster 
experiences the spin-orbit coupling and the 
consequent skew scattering which is known 
(see, for example, Maranzana[23]) to give 
rise to the so-called anomalous Hall effect 
in a ferromagnetic metal. It is well known that 
in such a metal the effect of this interaction 
is to produce an anomalous Hall component 
in each domain. But with no external field 
applied, the net effect when averaged over a 
large number of domains is zero: it is only 
when an external field is applied to align 
the direction of magnetisation of the domains 
that the anomalous effect becomes obvious 
on a macroscopic scale. That situation is 
therefore equivalent to the one under con¬ 
sideration, except that here the ferromagnetic 
domains are separated by the diamagnetic 
host. As the external field is increased, the 
moments of the clusters become increasingly 
aligned and their anomalous contributions to 
the Hall effect constructively interfere to 
produce an effect which is evident on a macro¬ 
scopic scale. We expect, by analogy with the 
theoretical [2 4] and phenomenological [25] 
behaviour of the corresponding ferromagnetic 
case, that the spin component of p H will 
therefore vary directly with the intensity of 
magnetisation in the sample. This contrasts 
with the behaviour expected from the effect 
of individual spin alignment upon the spin- 
flip scattering processes (referred to above); 
in that case the theory predicts [18] a spin 
component of p H which varies with the square 
of the magnetisation. 

The dash-dot lines in Fig. 6 show that a 
rough fit of the Langevin function can be 
made to the data for the two most concen¬ 
trated AuFe alloys. Of the two, the results 
for the Au -I- 86 ppm Fe sample are probably 


the most representative of the spin component 
since this sample showed only a very small 
negative magnetoresistance effect at the 
higher field values, and the data therefore 
contain none of the high-field component 
in A p H (which is most obvious in the AgMn 
series of Fig. 7) due to the change in spin-flip 
scattering brought about by the alignment of 
the individual solute atom spins. The data for 
this sample are fitted by jc = 12 which, taking a 
value of 3'68/i. fl for an individual solute 
atom spin [26], leads to an estimate of approxi¬ 
mately 14 atoms per cluster; x = 6 clearly 
leads to half this value. There is independent 
evidence for the existence of superparamag- 
netic clusters in AuFe both from Mossbauer 
[27] and bulk magnetisation measurements 
[28,29], and it is interesting to note that the 
latter led to estimates of 10 and 50 atoms per 
cluster. 


5. CONCLUSIONS 

We have presented evidence in Sections 3 
and 4 to show that in dilute alloys of the 
systems under consideration it is important 
to allow for the effects of the high-field/iow- 
field transition in the interpretation of the 
transverse magnetoresistance and the Hall 
effects. In the case of the latter the treatment 
leads to a spin contribution which is compo¬ 
site: it consists of a component which is 
relatively easily saturated and which is 
thought to arise from the presence of super- 
paramagnetic clusters, together with a compo¬ 
nent which correlates with the appearance 
of a negative magnetoresistance. This 
component is therefore thought to arise from 
the modification of electron spin-flip scat¬ 
tering by the external field but, since we are 
limited to a maximum field of 15 kG, we have 
not been able to test this hypothesis over a 
sufficiently wide range of fields. 

If it is correct to attribute the principal 
spin component in the Hall effect to clustering, 
then our results show that there is appreciable 
clustering in our alloys of the AuFe, AgMn, 
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CuMrt and CuFe systems It is most notice* 
able in AuFe, and from these data we estimate 
a cluster to contain roughly 14 solute atoms; 
it is a small effect in AgMn (and obscured 
by the secondary effect referred to above), 
while in the CuFe and CuMn systems it 
U also a small effect and one which saturates 
in our samples at about 2-3 kG. Assuming 
that our method of sample preparation is no 
more conducive to the formation of clusters 
than that of other workers in this field, we can 
expect to sec manifestations of the effect 
in other results. We have commented above 
on existing evidence for clustering in CuFe 
(19-22] and in AuFe[27-29] (although it is 
not all unequivocal [30,31]), and we note 
that the field dependence of the thermopower 
observed in very dilute AuFe alloys at low 
temperatures by Huntley and Waiker(32] 
contains an unexplained field-dependent 
component which disappeared above about 
3 kG in their experiment. It seems that here 
too the possibility that clustering effects are 
significant should have been considered, In 
fact, perhaps the most important conclusion 
from our work is that in a subject for which 
the theory is developed in terms of an idealised 
system of independent, non-interacting solute 
atoms, the interference from metallurgical 
effects such as clustering in measurements 
upon real systems should not be disregarded. 
It appears that for some typical systems at 
least, the Hall effect can provide useful 
supporting evidence of clustering effects. 
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Fe 2+ IMPURITIES, ISOLATED AND IN PAIRS, IN ZnS 
AND CdS STUDIED BY THE MOSSBAUER EFFECT 

A. GERARD*, P. IMBERTf, H. PRANGED, F. VARRETf and M. WlNTENBERGERf 

(Received 14 August 1970; in revised form 3 December 1970) 

Abstract — Mossbauer effect studies of divalent iron impurities substituting the metal ion at tetrahedral 
sites in cubic ZnS and hexagonal ZnS and CdS were performed. No indication of a 9 tatic Jahn-Telter 
distortion for the isolated Fe I+ ions was found. For the case when one next metal neighbor is also 
replaced by Fe 2+ or by another impurity a strong quadrupole splitting was visible already at room 
temperature. 


In a cubic tetrahedral crystalline environ¬ 
ment the ground state of the 3 d 6 electronic 
configuration of the Fe 2+ ion is a degenerate 
orbital doublet of symmetry E 0 . Goodenough 
fl] has discussed the possibility of static 
Jahn-Teller distortions in this case. He 
pointed out that the anisotropy energy 
associated with an isolated tetrahedral 
complex is considerably smaller than that 
associated with an isolated octahedral 
complex containing for example Cu 2+ . As 
a consequence in a crystal long range elastic 
coupling between sites occupied by Jahn- 
Teller ions would influence much more 
strongly the manifestation of static Jahn- 
Teller distortions in the case of tetrahedral 
site Fe 2+ ions. 

The Mossbauer effect in 57 Fe represents an 
appropriate method to detect possible 
localized static distortions from cubic sym¬ 
metry. We present here results of an investiga¬ 
tion of the quadrupole interaction in Fe 2+ as 
a substitutional impurity on tetrahedral sites 
in ZnS and CdS. Samples with different 
concentrations allowed us to detect effects 
produced by adjacent impurity sites. These 
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effects were also present when the neighbor¬ 
ing impurity of Fe s+ was another metallic 
but non Jahn-Teller ion. 

ZnS and CdS crystallize in the cubic blende 
as well as the hexagonal wurtzite structure 
[2, 3], In blende the metal ions are located in 
a purely cubic crystal field whereas in wurtzite 
an additional small trigonal component is 
present [4]. 

Two earlier investigations of Fe t+ in ZnS 
by Mossbauer spectroscopy have led to 
apparently contradictory results: Marfunin 
and Mkrtchyan[5] have found a quadrupole 
splitting of 0*80 mm/s at room temperature 
and of about 2 05 mm/s at 80°K in natural 
crystals of blende and wurtzite. This splitting 
is attributed by them to a possible Jahn- 
Teller distortion; on the other hand Belozerskii 
et al.[ 6] using ZnS wurtzite containing 67 Co 
as source did not observe any splitting but 
only a broadening of the Mossbauer line at 
78°K. 

Slack et ai[l , 8] have measured the optical 
absorption of Fe 2+ impurities in cubic ZnS 
in the near and far infrared. Their results are 
in satisfactory agreement with the predictions 
of crystal field theory for Fe J+ at cubic tetra¬ 
hedral lattice sites; however, in their sample 
with the highest concentration of iron a 
number of Fe t+ ions did not seem to behave 
as isolated ions. The value they obtained for 
the spin-orbit splitting in the E 0 ground state 
seems to indicate that it is not appreciably 
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reduced by a dynamic Jahn-Teller mechanism 
as described by Ham {9]. 

Samples and experimental features 

Synthetic powder samples of ZnS blende 
and wurtzite and CdS wurtzite containing 
different concentrations of iron (enriched in 
»»Fe) and in some cases of additional impuri¬ 
ties (Cd ,+ in ZnS and Zn I+ in CdS) have been 
prepared by mixing the sulfides and by firing 
at appropriate temperatures*. The structure 
was established by X-ray analysis at room 
temperature. 

Measurements of the gamma resonance 
absorption were performed with a 57 Co source 
in copper, moved by a linear velocity trans¬ 
ducer (symmetrical triangular velocity signal). 
The linearity and calibration of the velocity 
scale were carefully checked by using 
metallic iron and Fe t 0 3 absorbers as refer¬ 
ences, and experimental line widths were less 
than 0-25 mm/s. 

The sample temperature was controlled 
with germanium thermometers or thermo¬ 
couples during the experiments, and was kept 
constant with an accuracy better than ± 0 TK, 

Mdssbauer spectra of Fe 2 ^ in ZnS and CdS 

The iron concentration of the absorber 
samples, investigated in the temperature 
range from 1-4°K to room temperature, was 
varied between 0-2 and 31 at. %. 

Apart from slight variations in the line 
widths no noticeable difference could be found 
in the spectra for the two ZnS modifications. 
The spectra could be explained by a super¬ 
position of one central line not split at room 
temperature and of a doublet with identical 
isomer shifts characteristic of Fe 2 ^. The 
relative intensities of these contributions are 
independent of temperature but change with 
iron concentration (Fig. I); being suppressed 
at very low concentration the doublet becomes 
dominant when 6 per cent of the metal atoms 


•The samples were partly prepared by Mme Saint- 
Jamei and Mme Carcaillct (SPSRM-CEN de Saclay). 
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Fig. I. ZnS wurtzite: Mossbauer spectra at room tempera¬ 
ture for different iron concentrations c in atomic per cent. 


in the host lattice are replaced by iron. This 
could explain the differences between the 
results of Ref. [5] and [6]. The splitting of the 
doublet is concentration independent; how¬ 
ever, if the concentration exceeds 10 per cent 
a certain line broadening is noticed, parti¬ 
cularly near 77°K. 

At very low temperature (Fig. 2) the separa¬ 
tion AE 0 of the two lines in the doublet is 
about 3 mm/s, 3-19 mm/s for ZnS and 2*86 
mm/s for CdS at 4-2°K. On the other hand the 
central part of the spectra is strongly con- 
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Fig. 2. ZnS wurtzite: Mossbauer spectra at different temperatures for iron concentrations 

c = 0-2 and 4 per cent. 


centration dependent; at low temperatures it 
broadens the more the higher the concentra¬ 
tion is and changes from a single line at lower 
concentration to a broad, doubly peaked 
absorption region at concentrations of some 
per cent*. 

Our experimental results may be reasonably 
explained by distinguishing between two 
kinds of impurity sites: those having no other 
impurity atom amongst their 12 nearest metal 
neighbors, and those which have at least one 
of the 12 next metal neighbors replaced by 


*A slight disymmetry in some spectra originates from 
the presence of very small amounts of Fc’ + ions. 


another Fe 2+ ion. We shall call the former 
ones ‘isolated’ ions. 

The fraction of isolated ions depends on 
concentration. If all impurity atoms are 
substitutionally incorporated and randomly 
distributed in the host lattice, it is given by the 
curve 1 in Fig. 3 [10]. Within the experimental 
error the measured relative intensity of the 
central line varies according to this statistical 
distribution curve for the isolated ions 
(Fig. 3). Hence the doublet corresponds to 
Fe* + having one or more iron ions among the 
12 nearest metal neighbors. For concentra¬ 
tions c < 5 per cent the doublet represents 
mainly the contribution of ions associated in 
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Fig. 3. Fraction of isolated Fc ,+ ions (curve 1) and of 
pairs (curve 2) statistically distributed in ZnS as a func¬ 
tion of impurity concentration (atomic per cent). The 
experimental points represent the area of the central part 
relative to the total absorption in the Mrisshauer spectra 
as fitted with a computer. Curve 3 presents the fraction 
of paired ions relative to the total number of non isolated 
impurities. 

pairs as is reflected by curve 3 in Fig. 3. 
At higher concentrations accumulations of 3 
and more iron impurities become more 
frequent and, dominating the pairs, they cause 
a noticeable line broadening of the doublet 
lines in the Mossbauer spectrum. 


Interpretation of results for isolated Fe 2+ 

The trigonal component in the crystal field 
in wurtzite cannot split the orbitally two-fold 
degenerate E a ground state. The wave 
functions depend on the parameter 0 (Fig. 4) 
connected with the splitting 8 t in a trigonal 
field of the T w state by [11] 

sin© = ^(l+||)w here 

A is the cubic field splitting. The axial electric 
field gradient created by the 3d 6 electron 
configuration in presence of a trigonal field is 
identical for the two wave functions subtend¬ 
ing E 0 and equals 

v„ = Y\ M (US-UL+ D> = 

This corresponds to a temperature indepen¬ 
dent quadrupole splitting of 

&E t A£ 0 ~^, with A E {) — 3 mm/s. 

Taking the experimental line width measured 
in the most diluted samples of ZnS and CdS 



cos 0| 2 > + sm 8 \ -|> 
cos 8 1 -2 > -sir»0)| > 


) 0 > 


*inG|2) -oc»0| -I) 
*n0|-2>+cos$| |> 

Fig. 4 Scheme of orbital electronic levels ofFe“( 5 D) in tetrahedral 
cubic environment in presence of a small trigonal distortion 
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wurtzite at roomtemperature one can establish 
an upper Kmit of 006 mm/s for A E t leading to 
a value of 5^/A smaller than 3 per cent. The 
effect on the wave functions of such a small 
trigonal crystal field is negligible. We may 
therefore assume a cubic crystal field in blende 
as well as in wurtzite unless additional distor¬ 
tions must be taken into account. The orbital 
doublet E 0 is consequently affected only by 
a second order spin-orbit interaction. This 
causes a splitting into 5 equally spaced 
levels [12] which lead to zero electric field 
gradient each. 

The absence of localized static Jahn-Teller 
distortions in the environment of very 
diluted isolated Fe 3+ ions in the blende and 
wurtzite structure is confirmed by the missing 
or very small quadrupole interaction (spectra 
for c = 0 002 in Fig. 2). This result is not 
surprising if one takes account of the weak 
Jahn-Teller anisotropy associated with an 
isolated tetrahedral complex containing Fe 2+ 
as calculated by Goodenough[l]. Insufficient 
for being attributed to static Jahn-Teller 
distortions, the line broadening observed at 
very low temperatures and originating in 
quadrupole interaction reflects the influence 
of local strain. These strains lead to small 
splittings 5 of the orbital doublet E a , varying 
from one lattice site to the other. This assump¬ 
tion is supported by the following observa¬ 
tions: 

(a) The broadening of the central part of the 
spectrum increases with iron concentration, 
in other words with the number of impurities 
present in the neighborhood beyond the shell 
of nearest metal neighbors. Now the impuri¬ 
ties are likely to introduce strains into the 
lattice. At equal concentrations the line 
broadening is more pronounced in CdS 
than in ZnS, probably due to the fact that the 
ionic radius of Fe 2+ differs more from that of 
Cd 2+ than from that of Zn 2+ . 

(b) The strains produced artificially by 
using an adhesive cement (like araldite) 
generate a considerable broadening at low 
temperature; so a kind of splitting similar 


ms 

to that observed at 4-2°Kfore**0*04(Fig. 2) 
is induced on samples with a much tower iron 
concentration. 

(c) Simple calculations of quadrupolar 
interactions assuming only tetragonal distor¬ 
tions [13] are consistent with the broadening 
observed at low temperature in the central 
part of the Mossbauer spectra, if we suppose 
that the tetragonal field splitting 6 of theortntal 
ground state E 0 ranges between zero and 



Fig. 5. Change of spin-orbit levels of E (5a) and of the 
principal component V„ of the EFO produced by the 
lowest lying level (5b) as a function of splitting 6 induced 
by a tetragonal field. The order of degeneracy of each 
level is indicated by the number in parenthesis. 
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some 10cm - ': the Fig. 5a shows the variation 
of the spin-orbit levels of E„ calculated vs. 5, 
and the Fig. 5 b gives the corresponding com¬ 
ponent V„ of the electric field gradient cal¬ 
culated for the lowest level which, practically, 
is the only one populated at 4-2'K [in these 
calculations the spin-orbit splitting in a cubic 
field, 2/? =»6((X*/A) + p)ITU (X being the 
spin-orbit coupling and p the spin-spin 
interaction) was taken to be 19 cm -1 ; the 
positive sign of 8 in Fig. 5 corresponds to the 
case where the ground state orbital function 
is L, >“0]. For small values of |S|(|8| =£ 
15 cm' ')K„ is found to be almost proportional 
to 8 leading to a quadrupole splitting AE 0 


of the order of 0-75 mm/s for |8| = 10cm _l . 
These values can be regarded as an estimate 
of the average effects produced by strains 
which the isolated Fe 2+ ions are ‘feeling’ in 
ZnS wurtzite with a 4 per cent iron admixture 
(spectra in Fig. 2). In addition Fig. 5a shows 
that the existence of an orbital level splitting 
|8| of this order of magnitude does not 
disturb the spin-orbit levels of E g in a manner 
inconsistent with the optical absorption 
spectra obtained by Slack et al. in cubic 
ZnS [8]. On the other hand a splitting of this 
size could account for the line broadening 
observed in their spectrum for the sample 
which had the biggest iron content. Finally, 


mm sec -1 




THE MGSSBAUER EFFECT 


28W 


no change of the Mdssbauer spectrum could 
be found between 4-2 and 1-4°K obviously 
excluding any hypothesis of low frequency 
vibrations responsible for line broadening at 
low temperature. 

Fundamentals of interpretation concerning 
the results for Fe 2+ ion pairs 
The observed quadrupole interaction in 
the case of Fe 2+ ion pairs implies that the 
orbital degeneracy of the doublet E„ is lifted. 
As long as the energy separation 8 between 
the electronic orbital singlets is small relative 
to the cubic field splitting A the wave function 
of the ground state can be written in the form 

, | 2 ) + | — 2 > 

I L m ) = cos <p |0> + sin ^- 

with the quantization axis chosen parallel 
to a twofold axis of the tetrahedron. 

The calculation shows that, neglecting spin- 
orbit coupling, the quadrupole splitting A E 
originating in the EFG due to the 3 d electrons 
is independent of the parameter <p and depends 
on temperature according to 


(where Q is the quadrupotar moment of the 
14-4 keV state of * 7 Fe) 

, = A£ 0 tanh (A£„ =* 3 mm/s) 

and that the asymmetry parameter ij of the 
EFG is given by 

hi = V 3 |tan 2y»|. 

In Table 1 the isomer shifts and the 
values A E of the quadrupole splitting are 
given for different temperatures at low iron 
concentrations for which the doublet is 
mainly to be attributed to Fe 2+ ion pairs. The 
corresponding values for 8 derived from the 
previous equation are respectively 105 ±5 
cm' 1 for Fe 2+ in ZnS blende or wurtzite and 
67 ± 10 cm -1 for Fe 2+ in CdS wurtzite. These 
values are not much larger than the spin- 
orbit splitting and can only be considered as 
an order of magnitude estimate due to the 
approximations made in the calculation. 

The observation of the Mossbauer spectra 
of polycrystalline samples in an external 
magnetic field enables us to determine the 
sign of the principal component of the EFG 
as well as an order of magnitude estimate of 


Table 1. Results for pairs of impurities in ZnS and CdS 



Isomer shift [mm/s] 

Quadrupole splitting of the doublet 


Host lattice and 

at 300°K. Source: 


A£ [mm/s] 


Orbital splitting* of E„ 

type of pairs 

57 Co in copper 

300°K 

77°K 

4'2°K 

Otcm- 1 ] 

ZnS blende: C Fe = 1 to 5% 

+ 0*43 ±0*03 

0*60±0* 10 

2*40±005 

3*19±0*05 

105 ±5 

(pairs Fe-Fe) 

ZnS wurtzite: C re = 1 to 5% 

+ 0*46 ±0*03 

0 56±0-10 

2*38 ±0*05 

3* 19±0*05 

105 ±5 

(pairs Fe-Fe) 

CdS wurtzite: C Ke = 1 to 5% 
(pairs Fe-Fe) 

+ 0*48±0*03 

0*57 ±0*10 

1*60±0 20 

2*86 ±0*10 

67 ±10 

ZnS wurtzite 

C* - 0-5%, Cat - 5% 

+ 0*44 ±003 

M5±0'05 

2-90 ±0*05 

3*24 ±0*05 

I56±5 

(pairs Fe-Cd) 

CdS wurtzite 

C F , = 0*5%, C*, - 5% 

(pairs Fe-Zn) 

+ 0*50 ±0*03 

0*85 ±005 

2*70 ±0*05 

3* 12 ±0*05 

139 ±5 


'6 has been calculated by the approximation formula A£ = tanh (BI2kT). 
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the asymmetry parameter 17 (14]. Such a 
measurement has been performed at 4*2°K 
in ZnS blende and wurtzite. An analysis, 
however, was not possible in the case of CdS 
because of the modest separation between the 
two superimposed parts of the spectra. The 
results obtained for Fe 2 ^ ion pairs in ZnS 
arc the following: 

(a) V„ is positive in ZnS blende and 
wurtzite. 

(b) One can establish an upper limit of 
about 0*5 for 77 in ZnS wurtzite. Because of 
the lower resolution it is difficult to fix such a 
limit in the case of blende. 

(c) No internal magnetic field induced by 
an external field of 30k()e at 4*2°K can be 
detected by the technique used here. This 
demonstrates the smallness or absence of 
susceptibility effects under these conditions. 

As first approach let us assume rj = 0 . 
This corresponds to a tetragonal distortion 
of the environment of the Fe 2+ pairs. The 
orbital ground state is |L*> = ( 1/V2)(|2) + 
|— 2 )) as in FeV,0 4 [15J. Within the spin 
Hamiltonian concept such a situation would 
lead to JT, = D S, 1 with D < 0 and |D| =* 10 
cm" 1 , favoring an axial magnetic anisotropy. 
Hence the ground state should be magnetic 


(S, = ± 2) and induce, under the previous 
experimental conditions, an internal magnetic 
field. At all sites where the external magnetic 
field is parallel to the z axis this field would be 
almost saturated at 4-2°K ranging about 100 
kOe as in FeV 2 0, and in ZnCr 2 0, or MgCr 2 0, 
with Fe 2+ incorporated substitutionally[16]. 
The non-existence of susceptibility effects 
in the present case is probably due to an 
antiferromagnetic exchange coupling between 
the two ions forming pairs as for Mn 2+ pairs 
in ZnS and CdS [17,18]. 

In Fig. 7 the arrangements of the ion pairs 
in the lattice of ZnS of CdS are shown. It 
appears that there is one atom of the two 
tetrahedrons of sulphur neighbors in common. 
In the blende structure (Fig. 7a) the two 
tetrahedrons result from each other by transla¬ 
tion. In wurtzite exist two different arrange¬ 
ments. that of Fig. 7a and that of Fig. 7b. The 
configuration of Fig. 7b corresponds to iron 
ions associated in pairs but not in the same 
plane perpendicular to a trigonal axis as in 
Fig. 7a. In this case the tetrahedrons can be 
transformed in each other by translation 
followed by a rotation of 60° about the trigonal 
axis through the common corner. The 
configuration of Fig. 7a contains an axis of 
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Fi*. 7. Arrangement of pairs in the blende and wurtzite structures, (blende: 7a wurtzite- 

7a and 7b). 
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symmetry of order 2 parallel to an axis of 
order 4 of the cubic lattice. This could 
constitute a direction of quadratic distortion 
common to each iron in the pair. Such an 
axis does not exist in Fig. 7b. 

At present status of experimental work 
it is difficult to make any conclusions con¬ 
cerning the role played by the Jahn-Teller 
effect. The origin of local distortions, which 
have been deduced from the Mossbauer 
spectra in the case of ion pairs is not cleared. 
A theoretical investigation of vibrations of 
the complex formed by such pairs and their 
environment has to our knowledge not yet 
been performed. On the other hand we have 
observed an electronic splitting of about 150 
cm* 1 in the Fe 2+ ion ground state when the 
pairs were formed by Fe 2+ and another 
impurity as partner not being a Jahn-Teller 
ion (Cd 2+ in ZnS or Zn 2+ in CdS). The 
compounds (Zno.» 45 Cdo-o* Fe 0 .oo 5 )S and (Cd 0 . M5 
Zn„. 05 Fe 0 .oo!j)S have been prepared to study 
the pairs Fe-Cd in ZnS and Fe-Zn in CdS. 
The results are given in Table 1. One realizes 
that a local distortion from cubic symmetry 
cannot be excluded even in absence of a Jahn- 
Teller effect, if a second impurity is replacing 
a next metal neighbor of the host lattice. At 
first glance one would expect a simple volume 
effect. This, however, does not seem to be the 
only possible effect, since the pairs Fe-Fe 
and Fe-Zn in the CdS lattice show consider¬ 
ably different splitting values 8 (67 and 139 
cm -1 ) although the ionic radii of Zn 2+ and 
Fe 2+ are almost equal compared to the very 
different radius of Cd 2+ . The weakness of 
Mossbauer absorption (because they are 
very diluted in iron) in the two compounds 
containing the mixed pairs Fe-Zn and Fe-Cd 
has as yet not permitted their study in an 
external magnetic field. 

Finally let us mention briefly the study we 
have performed with a 57 Co source in cubic 
ZnS. Room temperature spectrum exhibits a 
narrow line the isomer shift of which is the 
same as for Fe* + in ZnS absorbers. At 78°K 
the line becomes broad (r exp =* 1 nun/s) as 


observed in hexagonal ZnS [6]; at lower tem¬ 
perature such as 4-2°K we obtained a very 
broad doubly peaked absorption with some 
lateral wings, indicating a spread of 8 values 
up to several tens of cm -1 probably connected 
with strains or defects in our sample. 

Conclusions and suggestions 

The Mossbauer study of highly diluted 
iron impurities in ZnS and CdS lattices has 
failed to reveal any static Jahn-Teller 
distortion of the tetrahedral surroundings of 
the Fe 2+ ions. On the other hand vicinity 
effects between one Fe 2+ ion and another 
impurity have been observed. These effects 
manifest themselves very differently on Fe* + 
when the two atoms are or are not next 
nearest metallic neighbours. The related 
electronic splittings 8 are typically of the 
order of 100 cm -1 in the first and 10 cm -1 in 
the second case. In the first situation only 
there is a common anion to the two tetra¬ 
hedral sites of impurities, and thus this 
common anion S 2 ~ seems to be of primordial 
importance for the appearance of the strong 
local distortions observed around Fe 2+ 
paired with another impurity in ZnS and CdS. 

It would be interesting to test if the above 
conclusions hold for Fe 2+ impurities incor¬ 
porated into tetrahedral cubic sites in other 
host lattices, such as spinels for example. As 
for diluted Fe 2+ impurities in A sites of 
normal cubic spinels, some results suggest 
also the absence of local static Jahn-Teller 
effect: ZnCr 2 0 4 and MgCr l 0 4 doped with 3% 
Fe 2+ exhibit only a broadened Mossbauer line 
near 20°K, above their Neel temperatures 
(T n 10—14°K.)(16], and preliminary results 
we have obtained with Fe 2+ doped ZnA/ 2 0 4 
samples indicate a spread of the electronic 
splitting 8 in the range 0-20 cm -1 [19], In 
synthetic samples of Fe* + doped MgAl 2 0 4 
however, Ono et a/.[20] have observed 
a large quadrupolar interaction, as in FeA/ t O«. 
But one must point out that a small degree of 
inversion in the spinel host lattice in ex¬ 
pected to give drastic quadrupolar effects 
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on Fe* + ions in A sites, because the charge 
defects which occur in the cation distribu¬ 
tion: such an assumption, which is evoked 
121 ,22] to account for the large quadrupolar 
splitting observed in cubic FeA/iO 4 [20,23], 
might well be also responsible for the same 
behaviour of Fe ,+ impurities in synthetic 
MgA/*0 4 ; further a better normality in the 
cation distribution could explain the different 
behaviour of natural MgA/ 2 0 4 samples [24]. 

It may be mentioned that, contrary to the 
blende and wurtzite structures, adjacent 
tetrahedral surroundings do not have an anion 
in common in the spinel lattice. So it would be 
useful to check if Fe 2+ pairs located at 
adjacent A sites in cubic spinels give a 
quadrupolar interaction considerably lower 
than in ZnS or CdS. 
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RESISTIVITY OF SUPERCONDUCTING ^LLOYS IN 
THE MIXED STATE IN A WEAK FIELD 

J. GILCHRIST and P. MONCEAU 

Centre de Recherches sur !es Tr£s Basses Temperatures, C.N.R.S., Cedex 166, 
Grenoble-Gare, France 

(Received 16 November 1970) 

Abstract—We have determined the resistivity of lead-indium alloys in the mixed state as a function 
of temperature T in different magnetic fields, H a . The temperature variation confirms previous experi¬ 
mental and theoretical results but we find that py/p w « N 0 IV2Nc* as T -+ 0, differing from the empirical 
law of Kim et al. 


In their study of high Ginzburg-Landau 
parameter (k > 1 ) alloys in the mixed state, 
Kim et ail 1] found that the differential resis¬ 
tivity, p r , in a weak field M 0 (<H c2 ) had a 
minimum at some non-zero temperature, T m . 
T m depended somewhat on H 0 , being less for 
higher field. They also formulated the em¬ 
pirical law 

Prlpn = HJHcz (1) 

for r-*0, in which p n is the normal state 
resistivity and H^ the Ginzburg-Landau 
upper critical field, and for which k was not 
necessarily very large. 

To explain the minimum, Clem [2] found 
that the motion of fluxoids is opposed by a 
viscous drag having a thermal component in 
addition to the usual isothermal eddy- 
current term. For T well below the critical 
temperature T c , the thermal viscosity is an 
increasing function of temperature so that 
Pr(T) initially decreases. Clem explicitly 
neglects lattice thermal conductivity and 
finds that the effect would be the more 
marked, the more the material is impure. In 
fact it seems fair to neglect lattice conduction, 
even though macroscopically it may be pre¬ 
dominant, since energy transfer is between 
electrons over a distance of the order of their 
mean free paths. 


Axt and Joiner [3] studied Pb-Tl alloys and 
found that the minimum of p f {T) was more 
pronounced for the dirtier alloy PbeoTl^, 
since for PbagTls there was no minimum at 
all. Literal application of Clem’s theory gave 
T m = 0*3 7V, but it is remarkable that Clem’s 
expression for the thermal viscosity term has 
a maximum near 0-557V, just where Axt and 
Joiner found the minimum of p/(7). If the 
isothermal viscosity in weak field had been 
assumed to be temperature independent (and 
not to vary like H c2 (T )), T m would have been 
correctly predicted. 

More recently Chow [4] added a term to 
expression (1) due to interaction between 
fluxoids and suggested 

p,/p„ - +yHJH n (T)] (2) 

where y is a nearly-constant coefficient of the 
order 10 _l to 1, and 7 is not necessarily zero. 
Associated with Clem’s thermal viscosity 
calculation, Chow’s result provides{5] an 
explanation for the field dependence of 7 m 
and implies that as H 0 -*■ 0 the isothermal vis¬ 
cosity is independent of temperature, so that 
7 m would be 0-557 C . 

We studied the resistivity of Pb-In alloys(6J 
by measuring the surface resistance by a 
resonance method at 2-4 GHz where the con¬ 
ductivity is static because ha>le<,(t) *4 1, 
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(A<t> » the microwave energy and e e (/) 
the intrinsic pair-breaking energy (7]) and 
by a limited number erf differential resistance 
measurements. Some 2-4 GHz results are 
shown in Figs, (la) and (b). In temperature 
dependence we find the principal features of 
the previous results, a more pronounced 
minimum for the dirtier alloy and T n lower 
for higher field. For the lowest fields T m 
lies between 0-557V and 0 67 c . Owing to its 
moderate * (2-95) and incomplete demag¬ 
netising coefficient, the flux density B in the 
Pb*,In, e was not strictly proportional to H 0 
and had to be calculated, knowing the magne¬ 
tisation curves at various temperatures. It 
would seem in this case that p f would depend 
on B rather than on H n . 

Two remarks can be made, arising from the 
different experimental method we used. 
Firstly, since the measurements were made at 
2-4GHz the effect is not due to a macro¬ 


scopic temperature gradient across the speci¬ 
men. (This may result from doing the experi¬ 
ment at d.c. but is certainly not a necessary 
cause of the resistance minimum.) The addi¬ 
tional viscous drag has its explanation on the 
scale of the fluxoid lattice. Secondly, the 
current densities induced in our specimens 
were weaker than would have been needed at 
d.c., and so less energy was dissipated. It was 
convenient to have the specimen in He ex¬ 
change gas rather than immersed in liquid, 
and so naturally there was no anomaly at T K , 
such as was reported in Refs. [1] and [2]. 

A further remark concerns the general 
level of resistivity at low fields as exemplified 
by the extrapolation to T = 0. The extra¬ 
polations of pf/p n are shown in Fig. 1 where it 
has been noted that according to Clem’s 
expression dp/ldT = 0 at 7 = 0. At T = 0 we 
find 

PflPn — HJaH c2 (Q) (3) 
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Fig. 1. Normalised resistivity of (a) Pb w In w , (b) Pb^In,,, 
as a function of reduced temperature in various fields. 
For the two specimens T c — 6*48, 7*02 K respectively 
andp* * 21-3 pifl cm, 7-95 /xfl cm. 


with a not necessarily equal to 10 and with 
BlfjLQ instead of H 0 where different. We extra¬ 
polated our H c2 (T) data to T = 0 by fitting 
them to the curve [1 — (TIT C ) 2 ] and to 
[l-(7/7,.) 2 ]/[l + (7/7 c ) 2 ]. For PbjoJnso 
this gave A/ rt (0)=7520 Oe, 7660 Oe re¬ 
spectively while HopJpfiO) = 9300 ±200 Oe. 
For Pb^In,,, the respective figures are 3500 
Oe, 3620 Oe and 4000 ± 100 Oe so that for 
PtWnjo, a ==1-22 ±0-04 and for Pbooln,,,, 
a = M3 ±005. 

It seems that expression (I) has at best a 
qualitative theoretical justification in that 
the fraction HJH cl { 0) represents the volume 
fraction occupied by normal cores of fluxoids. 
We may alternatively try to guess the probable 
extrapolation downwards from H 0 near H ct . 
Caroli and Maki[ 8 ], Thompson [ 9 ] and 
Ebisawa and TakayamaflO] calculated the 
resistivity of dirty superconductors near 


H ci and found 

Pf l Pn =l-a[\-H 0 IH c2 (T)] (4) 

where a = 4/c, 2 (0)/[M6(2k 2 2 (7) - 1) + 1] 
according to (7) and differs from this only 
when T ¥= 0 according to [9,10]; k, and k s 
are the generalised k's and total demagnetising 
effect is assumed. At 7 = 0, a * 17, and 
although experimental data has sometimes 
been interpreted as supporting the contention 
that at 7 = 0, a = 1 -0[l 1] we are inclined to 
believe that the sum of existing data can more 
reasonably be extrapolated to 1-7 [7,12]. 
On this assumption, we have sketched in Fig. 
2 two possible variations of p r jp n at 7 = 0. 
If (1) is accurate in low fields then pdp n 
must have an inflection as in (2)(a), but if (3) 
is true then there may be a more natural 
looking curve like (2)(b). Our data from sur- 
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Fig. 2. Two possible forms of the resistivity curve as a 
function of field as T 0. 


face resistance are all of the type <2)(b) 
but the measurements we took by the four- 
contact method were like (2)(a). More pre¬ 
cisely, the raw differential-resistance data 
were like expression (1) but after we had 
applied a correction which was intended to 
remove the error due to joule heating we found 


curves like (2Xa). We conclude that there is a 
discrepancy within our own data at low fields 
but we place more reliance on the 2-4 GHz 
results where we are sure pinning is ineffec¬ 
tive and which suggest expression (3) with 
a « 1-2. 
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VIBRATIONAL ENTROPIES OF HYDRdGEN IN 
PALLADIUM-SILVER-HYDROGEN ALLOYS BY THE 
ISOTOPIC SOLUBILITY RATIO METHOD 

P. T. GALLAGHER* and W. A. OATES 
Metallurgy Department, University of Newcastle, N.S.W. 2308, Australia 

{Received 2 November 1970) 

Abstract— The solubilities of hydrogen and deuterium in Pd-Ag alloys containing 10,20,30 and 40 wt. 
% Ag were measured at 125°C by the Sieverts’ technique using Pd black as the transference catalyst. 
The results obtained were analysed in terms of the isotopic solubility ratio theory. In the Pd-lOAg-H, 
Pd-20Ag-H and Pd-30Ag-H alloy systems, there was no significant change in the partial vibrational 
entropy of hydrogen 5£ in the range of hydrogen contents HIM from 0-025 to 0*325, nor was there 
any marked difference between these systems. However in the Pd-40Ag-H system, 5 V M decreased 


markedly with increasing hydrogen concentration 
1. INTRODUCTION 

In the infinitely dilute solutions of hydrogen 
in metals, the partial excess entropy of solu¬ 
tion of hydrogen Sjj s depends markedly upon 
the lattice structure of the host metal and 
seems to be related to the partial heat of solu¬ 
tion of hydrogen in the metal, A// W [l]. Since 
the configurational entropy can be assumed to 
be ideal in the infinitely dilute solution region, 
the partial excess entropy of solution of hydro¬ 
gen Sfi s is identical with the partial non- 
configurational entropy of solution of hydro¬ 
gen S% c . From the data available it also 
appears that the non-configurational entropy 
can be interpreted as being principally given 
by the vibrational entropy and that elec¬ 
tronic or magnetic contributions to the non- 
configurational entropy are relatively insigni- 
ficant[l]. 

When attention is focussed on a particular 
metal-hydrogen system it is clear that, in 
general, the configurational entropies will not 
be ideal in the concentrated solutions [2] and 
thus the excess entropy can no longer be 
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in the range of HIM from 0*050 to 0*150. 

identified with the non-configurational entropy. 
It is usual in statistical treatments to assume 
that the non-configurational entropy is inde¬ 
pendent of hydrogen concentration but there 
is little evidence to justify or reject this 
assumption. With the lattice expansion that 
takes place on the introduction of interstitial 
solutes it might be expected that the vibration 
frequency of the solute atom would decrease 
at higher concentration levels and hence the 
vibrational entropy would increase as the 
hydrogen concentration increases. On the 
other hand, from the suggested correlation 
between the excess entropy and the heat of 
solution for infinitely dilute solutions of hydro¬ 
gen in metals [1], little variation of the non- 
configurational entropy might be expected in a 
particular system since the heat of solution 
does not seem to vary by more than one or 
two keals as the hydrogen concentration is 
varied. For example, in the Nb-H system, 
where the heat of solution varies from —8-44 
keals./g.at.H for NbHr-o to —10-98 for 
NbH 0 . M (3), the change in the excess entropy 
is expected to be only 0-25 eu. 

There are two methods available to measure 
experimentally any variation of the vibra¬ 
tional contribution to the non-configurational 
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entropy with hydrogen concentration. Hydro¬ 
gen vibration frequencies may be obtained 
directly by neutron scattering techniques [4- 
10] although this method has not yet been 
used to study systematically the influence of 
hydrogen concentration. Vibrational entropies 
may also be obtained by measuring the 
relative solubilities of hydrogen and deuterium 
in a metal at a particular temperature [ 11-14]. 

Fowler and Smithells [ 15] first pointed out 
that a comparative study of the solubilities of 
hydrogen and deuterium in a metal could 
provide important checks on the accuracy of 
any theory proposed to interpret the experi¬ 
mental results. On this basis, the difference in 
the solubilities of hydrogen and deuterium in 
the dilute solution region in Pd was interpreted 
as being due to the difference in the masses of 
the two isotopcs[ 16]. More recently the iso¬ 
topic solubility ratio method has been used to 
elucidate non-configurational effects in metal- 
hydrogen solutions[I3,14,17]. 

In this method it is assumed that the non- 
configurational entropy is wholly vibrational 
and that, because of the large mass ratio of 
the metal and hydrogen atoms, all the optical 
modes have the same frequency. Taking the 
reference energy level to be that of free atoms 
of hydrogen and deuterium at rest and using a 
method similar to that of Ebisuzaki, Kass and 
O'Keeffe[13], it can be readily shown[18] that 
for a particular concentration of hydrogen or 
deuterium in the metal, the ratio of the indivi¬ 
dual gas pressures is a measure of the charac¬ 
teristic temperature of vibration of the hydro¬ 
gen atoms, 0, related to the vibration frequency 
pby 0 == hvfki viz; 

RT In (PoJp Ht ) in 

o - F h) ~ i((Gr ~ Wo )d -{G r - W„) w } 
+ UD d - D h ) + j Nh(v„ - v H ) 

where F D and F„ are the thermal free energies 
of the dissolved deuterium and hydrogen 
atoms; (G T -tf 0 ) D and (G t -JH 0 ) h are the 
thermal free energies of the diatomic gases. 


deuterium and hydrogen respectively, which 
can be obtained from standard thermodynamic 
tables; D„ and D„ are the dissociation 
energies per mole of the diatomic gases 
deuterium and hydrogen at 0°K and v D and 
v H are the vibration frequencies of the 
dissolved deuterium and hydrogen atoms. 

In the Einstein oscillator assumption v H = 
Vivo and as (D e -£>„) = 1810cals[19], the 
above equation can be written in the form 


log = 


4-575 T 


A(Cr 9: 15 7* ——-O- 19 l( 0 /n 

- 0 ) 


where F D and F w , functions of (d/VlT) and 
(6/T) respectively can be read from tables (20) 
or calculated from the following equations 

F d = 3 RT In (1 — exp.(—0/V2D) 

F h = 3RT In (1 — exp. (-9IT)). 


U sing equation (I), plots of log ( PdJPh *) vs. 
1 IT can be drawn for various values of 0. In 
the Sieverts’ law region log (p D Jp H ,) m at 
constant composition (X„ = X D ) can be re¬ 
placed by log (X H lX u ) at constant gas pressure 
and it is in this form that equation (1) has been 
used and presented in graphical form by 
Ebisuzaki, Kass and O’Keeffe [13]. 

By plotting equation (1) in an alternative 
form. Fig. 1, it can be seen that the isotopic 
solubility ratio method should be a particularly 
suitable way of measuring any variations in 
the characteristic temperature of vibration, 6 , 
with hydrogen concentration, especially if the 
experimental temperature is kept low. With 
this in mind the solubilities of hydrogen and 
deuterium in Pd-Ag alloys were measured to 
this purpose. As well as being most pro¬ 
nounced at low temperatures, the isotopic 
effect is also more pronounced on systems 
having a low hydrogen atom vibration fre¬ 
quency, as is expected to be the case in these 
and other f.c.c. alloy systems [1]. 
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b ig. I. I sotopic solubility ratio as a function of 0 at various 
temperatures. 

2. EXPERIMENTAL 

The solubilities of hydrogen and deuterium 
in the pressure range 10-760 torr were 
measured in Pd-Ag alloys (nominal composi¬ 
tion 10, 20, 30 and 40 wt. % Ag) at 125°C 
using palladium black as the transference 
catalyst[21]. The one gram samples of each 
alloy prepared from 99*99% Pd and 99*99% 
Ag were in the form of 0*007" foil that had 
been degassed for at least 12 hr at 600°C in a 
vacuum of better than 10“ 5 torr. Chemical 
analysis of the samples gave silver contents of 
9*65, 19*95,29*80 and 39*80 wt. % for the nom¬ 
inal 10,20,30 and 40 wt. % Ag alloys. 

After abrading each sample with a fine 
emery paper, a thin coating of palladium black 
(less than 0*01 gram, usually 0*005 gram) was 
deposited onto the sample at a current density 
of 100-200 ma/cm 2 for 1-3 min. from a Pd 
plating solution prepared in the manner de¬ 
scribed by Hills and Ives[22]. 

The solubilities were measured by the 


Sieverts’ technique in an apparatus very simi¬ 
lar to that described by Humbert and Elliott 
[23]. The system ‘hot’ volume was calibrated 
using helium. 

During the experimental runs, temperature 
control was better than ± 1°C while the pres¬ 
sures were measured to within ±0*005 cm 
using a cathetometer. 

The concentrations of hydrogen (or deuter¬ 
ium) in the metal alloy are given in terms of the 
atomic ratio r = ///(Pd + Ag)(or D/(Pd4- Ag» 
and it is estimated that this ratio is measured 
to better than ±0*005 over the entire composi¬ 
tion range in each alloy. In the calculation of r 
no allowance has been made for the amount of 
hydrogen (or deuterium) dissolved in the Pd 
black, as in most cases it was found that this 
would result in an error in r of less than 0*001, 
and at the most 0*003 for hydrogen pressures 
approaching one atmosphere [24]. 

3. RESULTS AND DISCUSSION 

The isothermal data for the solubilities of 
hydrogen and^uterium in the Pd-Ag alloys 
at 125°C are given in Figs. 2 to 5, For each 
alloy-gas system the results presented were 
obtained from at least two experimental 
absorption-desorption runs. Most of the 
results shown were obtained during absorp¬ 
tion, only occasional checks being made 
during desorption to ensure that the results 
represent true equilibrium in the hydrogen- 
metal and deuterium-metal reactions. In each 
Fig. the dashed line represents the data of 
Brodowsky and Poeschel[25] for the solubility 
of hydrogen in the same alloys at 125°C. 

Reading the equilibrium hydrogen and deu¬ 
terium pressures from the smoothed curves 
drawn through the experimental points in 
Figs. 2-5, the values of 9 at varying hydrogen 
concentrations in the alloys were obtained 
from Fig. 1, the results being given in Table 1. 

Before discussing these results an estimate 
should be made of the possible errors in these 
values of 8 arising from the experimental 
errors in obtaining the solubility isotherms for 
each alloy. It would appear that the possible 
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Fig. 4 Solubilities of hydrogen and deuterium in Pd- 
30 Ag at 12.VC 



Fig. 5. Solubilities of hydrogen and deuterium in Pd- 
40Ag at 125°C. 












VIBRATIONAL ENTROPIES OF HYDROGEN 


tm 


Table L Values of 0 and obtained from isotopic solubility 
ratio analysis of results 


r =» HIM 

PdJPh • 

Pd-lOAg 

9 

si, 

eu t 

PoJPtii 

Pd-20Ag 

9 « 

eu 

r 

0025 

2-67 

1130 

1*41 

3-06 

1030 

1*72 

0050 

2*57 

1150 

1*35 

3*03 

1040 

1*68 

0*075 

2*73 

1110 

1*47 

2*97 

1060 

1*62 

0*100 

2-62 

1090 

1 52 

3-01 

1050 

1-65 

0125 

2*85 

1060 

1-55 

2*96 

1060 

1*65 

0150 

2*85 

1080 

1*55 

2*94 

1060 

1*65 

0*175 

2*86 

1080 

1 55 

2-91 

1070 

1*59 

0*200 

2*95 

1060 

1*62 

2*81 

1090 

1*52 

0*225 

2*96 

1060 

1*62 

2*76 

1100 

1*49 

0*250 

2*96 

1060 

1*62 

2*83 

1090 

1*52 

0*275 

2-91 

1070 

1 59 

2*93 

1070 

1*59 

0*300 

2-81 

1090 

1*52 

2*97 

1060 

1*65 

0*325 




2*77 

1100 

1*49 

Average 


1090 

1 *53 


1070 

1*60 



±30 

±0*08 


±20 

±0*08 



Pd-30Ag 



Pd-40Ag 


0*050 

2*62 

1140 

1*38 

4*64 

680 

3*44 

0 075 

2*53 

1160 

1*34 

3*80 

860 

2*41 

0-100 

2*75 

1110 

1*47 

3*26 

990 

1-86 

0*125 

2*86 

1080 

1*55 

2*97 

1060 

1-62 

0150 

2*98 

1050 

1*65 

2*33 

1220 

1 20 

0*175 

2*93 

1070 

1 59 




0*200 

2*81 

1090 

1-52 




0*225 

2*61 

1140 

1*38 




Average 


1105 

1 49 






±40 

±0*11 





errors in the atomic ratio measurements are 
much greater than the possible errors in 
measuring the equilibrium pressures and also 
that the possible errors in measuring the iso¬ 
topic solubility ratio would be much greater 
in the steeper sections of the isotherms than in 
the slowly ascending sections of these iso¬ 
therms. As the systematic errors would be 
common to both the hydrogen and deuterium 
isotherms of each alloy, only the random 
errors in the atomic ratio measurements were 
considered to be important in the measure¬ 
ment of the isotopic solubility ratio and these 
were estimated from the experimental iso¬ 
therms. Consequently it is expected that for 
the Pd-lOAg-H, Pd-20Ag-H, and Pd-30Ag-H 
systems the reported values of 9 are correct to 
within ± 50°, while for the Pd-40Ag-H system, 
in which the isotherms are much steeper than 


in the other alloys investigated, the variation 
is of the order of ± 100°. 

In the range of compositions studied there 
was no significant variation of 9 with hydrogen 
concentration for the Pd-lOAg-H, Pd-20Ag-H 
and Pd-30Ag-H alloy systems, nor was there 
any marked variation between these systems. 
However for the Pd-40Ag-H system the 
values of 9 increased considerably with 
increasing hydrogen concentration, suggesting 
that on the Pd-Ag-H ternary diagram lines of 
equal 9 are converging rapidly at this alloy 
composition. It should be noted that this 
compositional variation of 9 is in the opposite 
direction to that expected from lattice-strain 
considerations. 

From the values of 0 for each alloy at each 
hydrogen concentration of interest it is possible 
to calculate the partial vibrational entropy of 
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solution of hydrogen 5* for the assumed 
Einstein oscillator, these results also being 
included in Table J. The variation of Si 
with hydrogen concentration is also small for 
the Pd-IOAg-H, Pd-20Ag-H and Pd-30Ag-H 
systems, while for the Pd-40Ag-H system Si 
decreases markedly as the hydrogen concen¬ 
tration increases. 

It is hoped that a more detailed picture of 
the variation of the hydrogen atom vibration 
frequency spectrum with increasing hydrogen 
concentration will be obtained by cold neutron 
spectroscopy studies on the same alloy sys¬ 
tems as more results by this valuable tech¬ 
nique become available. 
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Abstract—It was found that for a period of about 20 mean collision times monovacancies had an 
enhanced probability of moving directly (0°) and 60° forward, however, the effect on the self-diffusion 
coefficient is negligible at the normal melting point of the hard sphere crystal. For di vacancies a stronger 
and longer lasting persistence of jump direction leads to a significant change from the random correla¬ 
tion factor of 0*458 to the correlated one of 0*515 at the normal melting point. A crude analysis leads 
to the conclusion that the jumping particle has roughly thermal velocity. 


I. INTRODUCTION 

Treatments of solid state diffusion by the 
vacancy mechanism have generally assumed 
that the path of a vacancy is a random walk 
whose successive steps are uncorrelated in 
direction or timefl]. This assumption is only 
justified when the lattice surrounding the 
vacancy relaxes to its equilibrium state in a 
time short compared to the time between 
jumps. This paper describes an investigation 
of the deviations from random walk behavior 
for monovacancies and divacancies found by 
u molecular dynamics study of the f.c.c. 
crystal phase of a classical system of several 
hundred hard spheres. 

A previous brief note [2] pointed out that 
mono vacancies had a relaxation time of 
about twenty collisions per particle during 
which the vacancy had an enhanced proba¬ 
bility of moving directly forward, or forward 
with a 60° deviation relative to the direction 
of the previous jump. The investigation has 
now been extended to divacancies. The 


*ln partial fulfillment of the requirements for the degree 
of doctor of philosophy. 


method by which vacancy motion is detected 
in a molecular dynamics system is described 
in the next section. The following section 
presents and discusses the results. The final 
section explores the effects of persistence on 
diffusion, and in particular, on the ratio of 
macroscopic to microscopic self-diffusion and 
on the isotope effect in tracer diffusion. The 
latter study was carried out by means of a 
Monte Carlo calculation which incidentally 
yielded a more accurate value for the random 
walk correlation factor for divacancy diffusion 
on an f.c.c. lattice, as described in an Appen¬ 
dix. 

2. METHOD 

The present discussion will be mainly con¬ 
cerned with the method of detecting vacancy 
motion and with the problems arising from the 
different ways in which the jump event may be 
defined. The system used for the mono- 
vacancy runs consisted of 107 hard sphere 
particles initially placed on a 108 site f.c.c. 
lattice with periodic boundary conditions. For 
the divacancy study 254 particles were placed 
on a 256 site lattice. Random initial velocities 


2111 



2112 


C, H. BENNETT and B. J. ALDER 


were assigned to the particles, and their sim¬ 
ultaneous equations of motion were solved 
rigorously, i.e., without reference to the lattice. 
However, to keep track of the vacancy, each 
particle was considered as belonging to one 
of the lattice sites. A particle was said to have 
exchanged with a vacancy whenever it was 
found inside a small cubic region (edge = 
0*33 of the f.c.c. lattice constant) around the 
vacant site; the vacancy and jump-detection 
region were thereupon reassigned to the site 
formerly belonging to that particle. In the 2- 
vacancy runs, each of the vacancies had its 
own detection region. No vacancy was ever 
observed to exchange except with one 
of its nearest neighbor particles. Examinations 
of the detection regions were carried out every 
hundred system collisions, i.e., every 1.9 
mean collision times for the I-vacancy sys¬ 
tem and every 0*8 mean collision times for the 
2-vacancy system. 

In order to study the sensitivity of the re¬ 
sults to the size of the detection region, two 
larger concentric cubic regions, with edges 
0*39 and 0*45 f.c.c. lattice constants, were 
simultaneously monitored (see Fig. 1). Entry 
of a particle into either of these regions was 
recorded, but was not counted as a jump, and 
did not cause reassignment of the regions 
to another site. At V/V« = I *47, approximately 



Fig. 1 . T ypicul configuration of the particles surrounding a 
vacancy showing the three concentric cubic test regions 
around the vacancy edge size 0*45, 0 39. and 0 33 fjcx. 
lattice constants. 


the lowest density at which a small crystal 
is stable against melting[3], about 96 per cent 
of the particles which entered the 0*45 region 
continued as far as the 0*39 region, and about 
97 per cent of these continued to the 0*33 re¬ 
gion and were counted as jumps. At higher 
densities, the number of unsuccessful attempts 
was reduced; e.g., at VjV «= 1*3448, approxi¬ 
mately the thermodynamic melting point, 
about 98 per cent of particles entering the 
0*49 region later entered the 0*33 region. As 
Table 1 shows the time spent going from the 
outermost to the innermost region was gener¬ 
ally around 3 mean collision times. This indi¬ 
cates that the jumping particle travels roughly 
with thermal velocity. The time required to 
traverse the distance between the outermost 
and in nermo st region by a particle with velo¬ 
city VkT/m in the jump direction varies from 
2*84 mean collision times at V/V (l = 1-47 to 
4-22 mean collision times at V\V= 1*25, the 
collision frequency being higher at higher 
density. 

The above data makes it evident that, de- 

Table T Velocity of jumping 
particle deduced from the dis¬ 
tribution of times to travel a 
given distance 


Time* 

Vt\\~= 1 *47t 

00 

1 4 

m 

II 

(M 

4, 

6 2 

1-2 

51 b 

47, 

2-3 

I5i 

34* 

3-4 

6, 

5, 

4-5 


4 2 

5-10 

u« 

4* 

10-20 

4, 

0 

>20 

0 

0 


‘Time for jumping particle to traverse 
the distance between two cubes of edge 
0-45 and 0-33 f.c.c. lattice constants 
centered at the vacancy. The unit of time 
corresponds to 1 -87 mean collision 
times, the frequency with which the 
test was conducted. 

tPer cent of the events that required 
the indicated time to traverse the given 
distance. The small number indicates the 
uncertainty in the last significant number. 
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pending on the criterion chosen to define a 
successful jump event, there will be an uncer¬ 
tainty of a few collision times as to when a 
jump occurs, and, even the number of jumps 
detected will depend on the jump criterion. 
The extra jumps which would have been 
detected had the detection region been 
larger would have consisted of exchange- 
reexchange pairs, i.e., pairs of jumps in oppo¬ 
site directions which produce no net vacancy 
or particle displacement. If the detection 
region were made very small (smaller than the 
Lennard-Jones-Devonshire free volume per 
site) another ambiguity arises —a jump might 
not be detected until long after it had subjec¬ 
tively happened, and a backlog of undetected 
jumps would be built up which, when finally 
detected, would be perceived as occurring 
simultaneously. The choice of the 0*33 detec¬ 
tion region size was based on the idea that the 
reexchange frequency ought to be about one 
twelfth, the value it would have if the vacan¬ 
cies executed a random walk. The ambigui¬ 
ties with this gate size are small since, as 
stated above, the number of reexchanges does 
not depend strongly on gate size and, as Table 
I shows, the uncertainty in the time of the 
jumps is small since almost all particles that 
entered the outermost region proceeded within 
a few collision times all the way to the inner¬ 
most region. The few cases where a long time 
was required for the particle to go from the 
outer to the inner region could involve a re- 
crossing of the outer region before reentry into 
both the outer and inner region at a later time. 
The program did not record departure from 
the outer region explicitly; departure could 
only be inferred from the later entry of another 
particle. 

These ambiguities do not affect the diffusion 
coefficient. The ambiguous reexchanges 
modify the jump frequency, T, and in a recip¬ 
rocal way the Bardeen-Herring correlation 
factor /-both are somewhat ill-defined, yet 
their product, the diffusion coefficient, re¬ 
mains well defined. The reciprocal ambiguity 
°f T and / may either be accepted, or some 


convention may be adopted which eliminates 
it, e.g. by formally eliminating all reexchange 
pairs from the vacancy trajectory. This for¬ 
malism is explored ip the thesis of C. H. 
Bdnnett. 

3. RESULTS 

Figure 2 illustrates the persistence observed 
for monovacancies at V/V a = 1-47. The ob¬ 
served jumps are classified according to their 
direction relative to the proceeding jump. The 
fraction of jumps in each category (cos 9 = 
— 1, —i, 0, +i, and -I-1) is plotted as a function 
of time elapsed since the proceeding jump.' 
Cos 0 = — 1 corresponds to a reexchange; +1 
to a jump in the same direction as the proceed¬ 
ing one, If the vacancy executed an ideal 
random walk, the jumps would be distributed 
among the five categories in the ratios 
1:4:2:4:1. Indeed the distribution follows 
these ratios for jumps occurring more than 
about 30 collision times after the previous 
jump. In Table 2 the same data are given in 
terms of the actual numbers of jumps ob¬ 
served. Underlining indicates statistically 
significant deviations from the 1:4:2:4:1 
ratios. The results at VlV 0 = I '42 are qualita¬ 
tively in agreement with those displayed in 
Fig. 2. The data for the V/V 0 = 1 -3448 system 
although insufficient to permit drawing a graph, 
agree with those at the other densities in hav¬ 
ing a significant excess of jumps in the 60° 
forward (+!) direction for short time delays 
between jumps. The last two columns of the 
table compare the observed distribution of the 
total number of jumps for a given time delay 
with the declining exponential distribution 
which would obtain if the jump times were un¬ 
correlated. 

Several deductions about the persistence 
phenomenon can be made from these data. 
First of all, a time-decaying enhancement of 
the jump probability for the +i direction at 
aH these densities is noticeable. This is 
accompanied by a corresponding time-decay¬ 
ing suppression of jumps in the backward 
(— 1) and 120° (—±) directions. The relaxation 
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Table 2. Observed numbers of jumps of monovacan¬ 
cies classified by the direction cosines relative to the 
precee Jin, jump as a function of the time since the 

_iumn 
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time for both the enhancement and the sup¬ 
pression is about 20 collisions per particle, 
namely the approximate time for a particle to 
travel the distance between two adjacent sites 
moving at thermal velocity. 

At VIW *= 1*47 a particularly strong straight¬ 
ahead persistence is observed for jumps 
separated by little or no time delay. This can 
be explained in terms of nearly simultaneous 
colinear sliding of two adjacent particles or a 
row of particles, since a number of simul¬ 
taneous triple jumps and even one quadruple 
jump were observed, This phenomenon has 
previously been observed in perfect crystals 
near melting. The effect dropped off rapidly 


with increasing density away from the melting 
point. Thus, at V/Vo** 1*47 the straight-ahead 
frequency is 10 times larger than that given 
by the random walk while at K/l / 0 = 1-42 the 
enhancement is much less significant. Some 
preliminary short runs were made on an 869- 
particle, 870-site two-dimensional hard disk 
system near its thermodynamic melting point 
.MM# * 1*27). Though only a few jumps 
occurred, a preference for the forward and 60° 
directions was also evident (see Table 3). 

In studying the persistence in divacancy 
motion account must be taken of the fact that 
a divacancy can jump in only eight directions 
on an f.c.c. lattice without becoming dis- 
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Fig. 2. The fraction of successive jumps having the direction cosines 
indicated as a function of the time between successive jumps 
measured in terms of mean collision times at V(V 0 ~ l -47. 


Table 3. Distribution of jump 
directions relative to previous 
jump for disks near the melting 
density 




cos 6 

* 


A/A 0 

-1 

-1 

i 

1 

1*27 

0 

0 

9 

2 

1 *26 

2 

8 

19 

It 

1*25 

0 

1 

4 

3 


*If successive jumps were uncor¬ 
related their occurrence would be in 
the ratio of 1:2:2:1 for cos 6 — - K 
—LL 1, respectively. 


sociated. Among those eight, four involve 
successive jumps of the same member(s) of 
the vacancy having cos# values of — b\ — is, 
0 5 , and is, while the remaining four with cos 0 
values of — id , 0d, id, and Id involve succes¬ 
sive jumps of different members (d). All these 
jumps have equal probability for a divacancy 
executing a random walk. Table 4, analogous 
to Table 2, classifies the observed successive 
jumps according to direction cosine and time 
delay in order to show the statistically sig¬ 
nificant deviations from the random walk 
distribution (underlined). 
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Table 4 Observed number of jumps of divacanctes classified by 
the direction cosine relative to the previous jump as a function of 
the time since the preceedingjump 
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1 

1 

1 

0 
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0 
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10 
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2 

3 

2 

l 
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3 
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16 

11 

3 

3 

1 

2 

0 

1 

2 

2 

14 
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6 

7 

4 

3 

2 

10 

6 

8 

46 

46 

1*04 

1-22 

0-69 

0-52 

0*35 

1*74 

1-04 | 

1*39 




0 

0 

0 

0 

0 ] 

3 

0 

0 

3 

6 

1 

1 

1 

1 0 

1 
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1 

2 

12 

7 

1 

l 

1 

1 0 

o 

r 

3 

1 

8 

10 

l 

3 

1 

4 

1 

6 

2 

2 

20 

20 

3 1 

5 

3 i 
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15 

6 

5 

43 

43 

0-56 
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0*56 

0-74 

0*37 

2-80 

1*12 i 
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0 

i o 
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b 'l imc elapsed since preceedingjump, in mean collision times. 
fCosine of the angle between present and preceeding jump direction for same 
vacancy (a) and different vacancy (</). If successive jumps weie uncorrelated they 
would all have equal pi oh ability of occurrence. 

t Total number of jumps occurring in all directions during the given time 
ini aval 

ft I otal number ot jumps during interval if jump times had been uncorrelated, 
^ exp ( //(/)), wheie {/), the mean collision time between jumps, is 73 for 
»/f „ ' 1*3448. f09for I /1 0 I-JOand 158 for i'lV 0 -= 1-25 
"Normalized frequencies averaged overall times. 


As with monovacancies an enhanced jump 
probability in forward directions is observed, 
particularly for the 60° direction of the same 
vacancy motion. A corresponding suppres¬ 
sion of jumps in other directions follows, 
which is particularly strong for 0 d. A long time 
decay is observed for these persistence effects, 
increasing from about 30 mean collision time 
at l*3448 to over 100 at VIV* = 1-25 

Because of this long time decay, the influence 
of persistence on divacancy diffusion would 
increase with increased density, rather than 
decrease as with monovacancies. While the 
20 collision relaxation time for mono vacancy 
persistence can be explained in terms of the 


necessary local anisotropy of the vacancy 
environment during the time required to com¬ 
plete a jump at thermal velocity, the relaxation 
time for divacancy persistence implies that 
divacancy motion at high density is accom¬ 
panied by a long-lasting, and hence pre¬ 
sumably long-range, fluctuation. The participa¬ 
tion of a similar fluctuation in monovacancy 
movement at high density cannot at present 
be ruled out, because the monovacancy jump 
frequency is too low at high densities.to allow 
significant persistence data to be gathered in 
a reasonable amount of computer time. 

Several divacancy runs were carried out at 
1*42 and 1-45, but the divacancy 
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dissociated so often that most of the jumps 
occurred while the vacancies were apart. In 
these runs the main effect on each vacancy of 
having another vacancy present, was to in¬ 
crease the jump probability in the direction 
over what it would have been in a one-vacancy 
crystal at the same density. This is shown in 
Table 5, where the distribution in direction 
cosines for all successive jumps regardless of 
the time delay are compared for the mono¬ 
vacancy and divacancy systems. For the di¬ 
vacancy system each vacancy was treated as 
if the other vacancy was not present. 

Table 5. Comparison of the direction cosines 
for monovacancy jumps in monovacancy 
and divacancy systems 


cos 6* 




-1 

-* 

0 

1 

1 

<cos 6) t 

107- 

1-47 

0*87, 

0*71 4 

M0« 

119, 

1'36 12 

0-120 w 

107- 

I -42 

0*93 13 

0-90* 

I '24,3 

l-00 7 

100 |3 

0-024** 

254- 

J -45 

0*89 

0-7) 

108 

1 -60 

1 33 

0-117,, 

254- 

1 -42 

0-96 

0*77 

1-14 

Ml 

1-33 

0-086*2 


^Weighted average for all jumps. The smaJl numbers 
indicate the uncertainty in the last significant figures 
given. 

t Average value of the direction cosine. 


4. DIFFUSION 

If the vacancies executed a random walk 
their diffusion coefficient would be simply 
T/6a 2 ; the product of the mean jump rate and 
the square of the distance traveled per jump, 
namely the nearest neighbor lattice spacing. 
This vacancy diffusion coefficient when multi¬ 
plied by the vacancy concentration leads to 
the macroscopic diffusion coefficient, that is 
the diffusion coefficient for indistinguishable 
particles. The random walk of vacancies 
leads, however, to a nonrandom walk of 
distinguishable particles[4]. This is because 
successive jumps of the same particle tend to 
be in opposite directions, because any particle 
which has just jumped is next to the vacancy 
located at the site it formerly occupied. The 


mean direction cosine between successive 
jumps of the same particle on a f.c.c, lattice 
has thus been shown [5] not to be zero but 
(cos 9 P ) =-0-12267. 

For a general non-zero mean value of the 
direction cosine between the fth and (i +£)’th 
jump the diffusion coefficient has to be multi¬ 
plied by a correlation factor given by /= 14- 

06 

2 2 (cos flu+jt). For a random walk in which 

the diffusing species has an axis of 2 fold 
symmetry about the jump direction (cos 0 w+fc ) 
= (cos 0 u+t ) k so that /= 1 + (cos 0)1 1 — 
(cos 0). Thus for a random vacancy walk the 
particle diffusion or microscopic self diffu¬ 
sion coefficient is smaller (by f p = 0-78146) 
than the macroscopic diffusion coefficient, 
(/„ =1). The former diffusion coefficient can 
be deduced from N.M.R. measurements or 
isotopic tracer experiments. For non¬ 
dissociating divacancies a random walk 
leads to a correlation factor of /„ = t, while 
for distinguishable particles f p = 0-458, 
as shown in an Appendix. 

The effect of persistence is to cause the 
correlation factors to deviate from their 
random walk values. As mentioned earlier, 
the value of the correlation factor is somewhat 
dependent on what definition one uses for the 
jump event. However, the product Yf remains 
well defined, as does the ratio /„//». Persist¬ 
ence, if memory effects extended over more 
than successive jumps, could also cause devia¬ 
tions from the average value of the direction 
cosine of k jumps being equal to the £’th 
power of the average value of the direction co¬ 
sine between successive jumps, but no such 
deviations were observed. Thus /,, was 
computed from the above formula in die 
presence of persistence using the time 
average distribution of (cosfl*-) as given in 
Table 5. 

To calculate f p in the presence of persist¬ 
ence, on might first calculate (cos d p ) via a 
difficult summation of probabilities of all 
vacancy trajectories which return to the ori¬ 
gin. However, in the present work a straight 
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forward Monte-Carlo calculation was carried 
out instead. A vacancy was placed in a 4000- 
site periodic fx.c. lattice and a random num¬ 
ber generator was employed to choose jumps 
with frequencies weighted according to the 
angle made with the previous jump, using the 
angular distribution data given in Table 5. 
The net particle displacements were squared 
and summed for each of about one-hundred 
4000-step trajectories, yielding a direct 
measurement of the particle diffusion coeffi¬ 
cient implied by the chosen angular distribu¬ 
tion. To check the method, a run was made 
using equal jump probabilities in all directions, 
the resulting f v value was 0-7813 ± 0*0011 in 
agreement with the accepted value. The 
values of/i, for monovacancies in the presence 
Of persistence at F/f '#" 1 '47 and 1 -42, as well 
as the values for/, and JJf r , are compiled in 
Table 6. It can be seen that persistence 
depresses the ratio of the microscopic to 
macroscopic selfdiffusion by about 3 per cent 
from the random walk value at 17 F 0 = 1*42 
and by about 18 per cent at Vl\\ = 1 47; the 
difference at 1 3448 from the random walk 
value is not significant. 

Due to the lack ot symmetry about the jump 
direction for divacancies, the above simplifica¬ 
tions in the calculation for / do not hold for 
either the particle or vacancy trajectories. The 
value of for divacancies was hence calcul¬ 
ated by a Monte-Carlo scheme similar to that 
used for monovacanctes with the jump pro¬ 
babilities in the eight allowed directions 
weighted according to the observed distribu¬ 
tion given in Table 4. The results are given in 


Table 6. Also given there are the values of f v 
for divacancies calculated on the basis of 
(cos &i i+k) values obtained for each k sep¬ 
arately from a weighted random walk with a 
one step memory, using a matrix method 
described in an Appendix. Summation over 
the first 10 k values converged to an accuracy 
of one partin 10 6 for/ r . 

Persistence increases both the value of/ r 
and f v for monovacancies and divacancies. 
For monovacancies the increase is larger for 
f r than for f p so that the ratio is depressed 
from the random walk value. For divacancies 
the ratio may be either raised or lowered from 
its random walk value. In practice, however, 
the random walk is a good model for mono¬ 
vacancy motion and hence diffusion for a hard 
sphere crystal at the melting point and higher 
densities, since divacancy motion is relatively 
unimportant [6] and monovacancy correlation 
factors have nearly the random value. For real 
materials persistence effects might be impor¬ 
tant near the melting point if they have rela¬ 
tively high vacancy jump frequencies, for 
example f.c.c. gold and particularly many 
b.c.e. substances such as sodium. Persistence 
might also be detected in materials with sig¬ 
nificant divacancy contributions to diffusion, 
e.g. copper[7,81, even if monovacancies 
moved without persistence. 

The mass-dependence of the tracer diffusion 
coefficient has often been measured in hopes 
of ascertaining the diffusion mechanism [9], by 
use of the relation [ 10, 11] 

(( DJD 0 ) - 1 1) =/. A/C, 


Table 6. Correlation factor for vacancy and particle 
diffusion 




Monovacancies 


Di vacancies 


no + 

Wi“ 1*47 

1 42 

no 

1-3448 

1 -30 

h 

0-7815 

0-820, 

o-m, 

0-458, 

0-515, 

0-626 4 

fr 

1-000 

1 -273 

1 050 

0-500 

0-587 

0-637 

M, 

0-7815 

0-b44 a 

0-760, 

0-916, 

0-878, 

0-984* 


*No persistence. The small numbers indicate the uncertainty in 
the last significant figure given. 
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where £>« and D fi are the diffusion coefficients 
of two tracer isotopes, tn a and m 0 are their 
respective masses, and / is taken to be the 
random walk microscopic correlation factor 
(e.g. 0*7815 for monovacancies, and 0-458 for, 
divacancies on the f.c.c. lattice). The factor 
AK, whose value may be between zero and 
one, was introduced [12,13] to take account 
of collective motion at the time of the jump, 
which would cause the effective mass of the 
jumping atom to be between its true mass 
and that of the host atoms. Persistence, a 
manifestation of collective motion occurring 
after the jump, complicates the interpretation 
of isotope effect experiments by suggesting 
that the isotope effect quotient may be either 
greater or less than the random walk value of 
f. A quantitative treatment of the effect of 
persistence on the isotope effect will not be 
attempted here. 

The observed persistence is also a clue to 
the kind of collective motion involved in 
particle jumps. The zero-delay straight-ahead 
persistence observed for monovacancies at 
low density suggests that the collective mo¬ 
tion accompanying the jump event is a rela¬ 
tively long-wavelength longitudinal wave, 
involving a concerted colinear sliding in the 
jump direction of the jumping atom and a 
row of atoms behind it, which are therefore 
predisposed to jump in the same direction. 
The 60-degree persistence observed at higher 
density suggests a shorter-wavelength mode 
with some transverse character, since con¬ 
secutive jumps take place in different direc¬ 
tions. 
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APPENDIX 

The jump of a vacancy in the several allowed directions 
has been shown to depend on the vacancy’s previous 
history. The simplest model for such a correlated walk 
is one in which the vacancy ‘remembers’ only one pre¬ 
vious step. This model has been found to give an adequate 
statistical description of the monovacancy and di vacancy 
trajectories observed in the dynamics experiments. This 
section describes in detail how microscopic and macro¬ 
scopic correlation factors may be calculated for mono¬ 
vacancy and di vacancy walks having a one-step memory. 

Microscopic correlation factor 

Microscopic correlation factors (i.e. for diffusion of 
distinguishable particles) were calculated by a Monte- 
Carlo method. A defect (monovacancy or divacancy) 
was introduced into a periodic crystal of several thousand 
particles and allowed to make jumps, the direction for 
each jump being chosen from a weighted probability 
distribution depending on the previous jump direction. 
The implied particle displacements were monitored on an 
infinite lattice consisting of the original lattice plus all its 
periodic images. After several thousand jumps, the net 
displacements of the particles were squared and summed, 
and then divided by the number of jumps to get an esti¬ 
mate of the correlation factor, which is defined as this 
ratio in the limit of an infinite number of vacancy jumps 
on an infinite lattice. Too small a lattice and too few 
jumps both lead to overestimation of the correlation fac¬ 
tor; the former because in a periodic lattice of length L , 
the vacancy, once it has moved a distance LI2 from a site, 
has effectively escaped from that site and is equally 
likely to return from any direction; the latter because even 
on a finite lattice the available return paths cannot be 
adequately sampled unless the vacancy makes more than 
about L * steps. 

Trajectories of 4000 steps on a 4000-site lattice 
appeared adequate to give the monovacancy correlation 
factor with about 01 per cent accuracy. As an example, 
for a random walk, the average value of f p over several 
hundred such trajectories was found to be 0-7813 ±0*0011, 
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in agreement with the accepted value|51, 0-78146, The 
divacancy correlation factor* on the other hand, was not 
known very accurately even in the random walk caw [14]. 
Hence, a number of divacancy runs, on different sized 
lattices, were made using equal jump probabilities in all 
directions with results listed inTable 7. For/V > 4000the 
ftnilcdaUtcc error is evidently negligible compared to the 
statistical uncertainty. The best value for the di vacancy 
correlation factor may be taken as 0 458*0-001; this is in 
agreement with the previous value of 0-475 ± 0-024. 

The microscopic correlation factors f p listed in Tabic 6 
for nonrandom walks were obtained by the above pro¬ 
cedure from the consecutive jump correlations observed 
in the monovacancy and divacancy dynamics runs (see 


Table 7. Monte-Carlo calculations of the 


microscopic correlation factor for a di¬ 
vacancy random walk on an f.c.c. lattice 


Number of 

Number of 

Correlation 

Number of 

steps per 

trajectories 

factor 

sites 

trajectory 

averaged 

u 

32 

909 

135 

0 494, 

108 

1001 

312 

0-467, 

108 

1728 

285 

0-468 f 

256 

1002 

.312 

0-462* 

25ft 

1999 

132 

0-461, 

500 

8000 

245 

0-4595,* 

1372 

10976 

61 

0-4590, r 

4000 

16000 

41 

0*4576, 

4000 

32000 

20 

0-4580,* 

4000 

64000 

10 

0-4560,* 

13500 

8000 

10 

0-4592 15 


14000 

102 

0-4583* 


108000 

60 

0-4581 5 


Tables 4 and 5). Each value is an average of 20 or more 
trajectories of at least 4000 steps on a lattice of at least 
4000 sites. 

A number of other Monte-Carlo runs were made to 
explore the effect on the correlation factor of an arbitrary 
variation in the jump probability distribution about the 
isotropic distribution. For monovacancy motion with a 
one-step memory, the correlation has four variational 
degrees of freedom, since the probabilities in the — 1 ,—i, 
0 ,+i, and +1 directions are independently variable, 
subject to the constraint that they sum to unity. Since a 
one-step memory cannot distinguish among, say, the four 
+ 4 jumps, they must remain equiprobable. Table 8 shows 
the response of the monovacancy microscopic correlation 
factor to four different orthogonal perturbations of the 
consecutive-jump correlation. The correlation factor 
depends mainly on the probabilities in the - I and — 4 
directions Unexpectedly,/,, is decreased slightly by a large 
shift of probability from the +4 to the +1 direction, even 
though this perturbation would increase/,, (by increasing 
<cos 0 ,)). The last column in Table 8 gives the response 
coefficient, i.e. the ratio of the change in f p to the magni¬ 
tude of the perturbation, A. For small A’s, the response 
to each perturbation should be linear, and thus the set 
of response coefficients would enable one to calculate f p 
for an arbitrary weakly-correlated walk with one-step 
memory. In spite of the obvious nonlinearity of the re¬ 
sponse to the perturbations in the last 2 cases given in 
Table 8 , the linear approximation gave values for/, within 
0 01 of the correct ones using the jump probabilities ob¬ 
served in the dynamics runs. 

Tab/e 9 shows the response of the di vacancy values for 
f p to seven orthogonal perturbations of the consecutive- 
jump correlation As for monovacancies, the strongest 
response is to alteration of the simple reexchange fre¬ 
quency Response was fairly linear to those perturbations 
for which linearity was tested, although it might not be 
lor the others For divacancies also, the linear response 
hypothesis gave values within 0 01 of the correlation 
factors directly calculated on the basis of the dynamics 
data. 

Mui roxcitpu' correlation factor 

It is a trivial problem to calculate the correlation factor 


8, Response of the monovacancy microscopic correlation 
factor to four perturbations from an isotropic distribution of jump 

probabilities 


-I 

-4 

cos 0,, 

0 

4 

l 

A 

Ip I/p 

0 7815)/A 

1 

1 

1 

1 

1 

0 

0-78146 

0 

(i~m 

(l + M> 

(I + |U) 

{1 + ,VA) 

(1 + iU) 

+ 1 

0-938* 

+0-156, 






4 

0-833, 

+0-154* 

1 

U-M 

<I + *A) 

IH-H) 

(I+1M 

+ 1 

0-819, 

+0-038, 






+4 

0-807* 

+0-055 4 

1 

J 

(l-M 

U+IA) 

(1+lA) 

+ 1 

0-782, 

+ 0-001, 






-l 

0-770, 

+0-012* 

\ 

1 

1 

U~A) 

(1+4X) 

+ 1 

0-762, 

-0-014, 






*4 

0-780, 

-0-004, 
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Table 9. Response of the divacancy microscopic correlation factor to 
seven perturbations from an isotropic distribution of jump probabilities 





cos e r 







-l 

-* 

0 

i 

I 

A 

fp ( fp 

— 0*458)/A 

(£ 

\ 

i 

l 

i 

l 

r 

l 

l 

1 

0 

P 

0*458, 

0 

5: 

(1-A) 

(-8 

(-D 

(■♦8 


10 

0*625 2 

0*167 5 

i>: 

— 

1 

l 

1 

1 

0*6 

0*552, 

0157 4 

5: 

l 

(l-X) 

( ,+ D 

( ,+ l) 

— 

i 

0*496, 

0 038, 

D: 

— 

1 

i 

1 

1 




£ 

i 

1 

1 

(I —A) 

1 

(l + A) 

1 

1 

1 10 

0*471 3 

0013, 

S: 

l 

1 

1 

1 

— ] 




D: 

— 

(l-A) 

(-8 

H) 

Mi 

| 1-0 

0*551 3 

0093, 

S 

i 

l 

1 

1 





0 : 

— 

l 

(I — A) 

(•♦8 

K)j 

| 1*0 

0*504 2 

0*046.3 

10 : 

i 

1 

l 

I 

1 

1 

( 1 — A) 

U + x). 

1 10 

0*473 3 

0*015 3 

i* 


all (1 —A/4) 




l ~ 2 

0*4086,,, 

0*025, 

10: 


all (l+A/4) 




f -1 

0*4384 M 

0 *020., 







+ 1-2 

0*4768,, 

OOI 63 







+2-4 

0*4928, 4 

0*014, 


tr for monovacancies moving with one-step memory 
from the average cosines, as explained in the main text. 
For a divacancy walk with one step memory, each of the 
terms in the summation must be calculated separately: 

Vr* 1 + 2 £ <COS Mf *>. 

T his is done for a given set of probabilities {p(cr)} for the 
eight allowed types of divacancy jumps by the following 
method. The divacancy is represented in a moving co¬ 
ordinate system such that the vector connecting 

the two (distinguishable) members of the vacancy is 
always (—v£ Vi 0) and the most recent jump vector is 
(ViO.Vj). As the divacancy moves, the co¬ 


ordinate system may change from right-handed to left- 
handed, but at any instant each of its axes will be either 
parallel or antiparallel to one of the cubic crystal axes. 
Each of the eight allowed jumps, a, may be represented 
by a simple matrix M(a) relating the coordinate 

system after the jump to that before the jump; the 
matrices are given in Table 10. 

If the divacancy makes £+1 consecutive jumps, of 
types <t,. ov . . ct,h respectively, then the cosine of the 
angle between the first and last jumps will be 


cos0, kii = (vT 0 . V[)M{(T x )\i{(Ji) . .. M(<j>) 0 


Table 10, Matrices used in the calculation of the 
divacancy macroscopic correlation factor 
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where the product of M- matrices performs the appro¬ 
priate transformation between the initial and final 
coordinate systems- The average cosine for all *-step 
trajectories will be 

<«*«, »,,> - (v'i.O. V*)[ X p(<r,) X p(<r 2 ) 

L /»■ If! 



Although the M-matrices don’t commute with each other 
they do commute with the scalar probability factors, 
hence the above reduces to 


(cos «!.*+,) ~ (Vi<hvT)[X p((r l )M((r } ) 

L <j\ 


2 (£T 2 ) . , . 

iTl 


,/v?\ 

o 

J \Vj7 


= (VT.O, V2)[X p(tr)Af (cr)^ 



where 1 p{o-)M((r) is simply a weighted sum of the eight 

a 

matrices in Table 8. If the p{cr) are all equal, the sum is 
zero and/ v assumes its no-memory value of f This method 
was used to calculate the divacancy macroscopic correla¬ 
tion factors exhibited in Table 6. 
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ISOLATED SINGLE VACANCY IN DIAMOND -II. 
JAHN-TELLER EFFECT 
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Abstract—The Jahn-Teller splittings for the lowest degenerate electronic states of the single isolated 
vacancy in diamond in the single positive, neutral and negatively ionized charged states have been 
calculated to first order. The magnitude of the linear coupling force terms is largely independent of 
the choice Of atomic functions to represent the orbitals on the carbon atoms in the two cases con¬ 
sidered, but it is sensitive to 'the extent of configuration interaction between electronic states of the 
same symmetry. The results demonstrate that it is necessary to include terms involving the deriva¬ 
tives of the overlap integrals in any such calculations. In some cases the predicted splittings are very 
large. Reasons for including higher-order terms in a more detailed calculation are discussed. 


1. INTRODUCTION 

The investigations of the electronic be¬ 
haviour of the various charge states of the 
diamond vacancy by a molecular orbital 
approach which has been reported [1], here- 
t after referred to as Paper I, predicted that the 
ground and low-lying excited states of the 
centres are in some cases orbitally degener¬ 
ate. Jahn and Teller [2] have shown that with 
the exception of linear molecules a geom¬ 
etrical configuration in which the electronic 
state is orbitally degenerate cannot be the 
stable state of the system. There is a nuclear 
configuration of lower symmetry in which the 
system has a lower energy. In this paper we 
shall be concerned with the static effect and 
calculate the magnitude of the Jahn-Teller 
splittings and the associated distortions of the 
nuclear framework for the defect centres 
investigated in Paper I. A recent paper by 
Hagston[3] on the dynamical Jahn-Teller 
effect for defects in diamond is unsatisfactory 
because of the incorrect formulation of the 
adiabatic approximation. The many-electron 
vibronic function has been expressed in 
terms of a product of one electron vibronic 
functions instead of a product of a many- 
electron electronic and vibrational function. 


•Present Address: Chemistry Department, Monash 
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As a consequence, cross-terms in the wave 
function are ignored. 

The general theory developed by Van 
Vleck[4] and Opik and Pryce[5] has previous¬ 
ly been applied to the vacancy problem in 
diamond by Friedel et al.[ 6], The perturba¬ 
tion-type approach incorporates a rigid-atom 
model proposed by Lidiard and Stoneham{7] 
which allows the atomic orbitals which make 
up the l.c.a.o. molecular function to move 
rigidly with the nucleus and core electrons 
on the atoms nearest the vacancy. There are 
however serious limitations in the numerical 
calculations reported by Friedel et al. These 
workers have neglected the overlap integral 
between hybrid orbitals on the atoms neigh¬ 
bouring the vacancy. This overlap integral, 
denoted S^, has a value of 0-165 or 0-242 
depending upon whether Slater or Clementi- 
type atomic functions are chosen to represent 
the 2s and 2 p orbitals oh these atoms. Because 
of the neglect of the overlap the expressions 
for the derivatives of the molecular integrals 
required in the evaluation of the Jahn-Teller 
forces do not contain terms involving the 
derivative of the overlap integrals. In addi¬ 
tion normalisation constants for the single¬ 
electron molecular orbitals will be con¬ 
siderably in error. It has also been assumed 
that the eigenvectors for the symmetry states 
from the various configurations contributing 
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to a particular electronic level may be ob¬ 
tained from a molecular orbital calculation 
using the unmodified value for the one-centre 
Coulomb Integral [8]. We believe that these 
assumptions are not justified and therefore 
reduce the validity of the calculation. 

The calculations reported here investigate 
the use of the first-order perturbation theory 
approach coupled with the rigid-atom method 
to determine the Jahn-Teller splittings of the 
electronic levels for the various centres based 
upon the results of Paper 1. 

2. THEORETICAL CONSIDERATIONS 

A detailed account of the theory of the 
static Jahn-Teller effect has previously been 
given 14-6|. All spin and spin-orbit coupling 
effects are neglected in the present treatment, 
it is also assumed that the electronic levels 
are sufficiently well separated from one an¬ 
other that interlevel coupling effects may be 
ignored. These effects have recently been 
discussed in general terms|9J. The model 
assumes that only the nearest neighbours to 
the vacancy contribute to its interaction with 
lattice distortions. The displacements of the 
four atoms nearest the defect may be des¬ 
cribed in terms of 12 normal co-ordinates [10], 
In the first-order theory we are concerned 
only with the coupling between the degener¬ 
ate electronic states and the normal modes of 
E and 7\, symmetry. Any coupling of the 
electronic states to the symmetric mode is a 
second-order contribution and therefore 
neglected in this treatment. A tetragonal 
distortion of the system results from coupling 
with the Q, and Q # , £ modes, while inter¬ 
action with the Q ( , Q v and T 2 modes 
causes a trigonal distortion of the system. 

For a two-fold degenerate E level com¬ 
prising the two states Iff) and |e) which 
transform like 2x*—y 1 —z 1 and v 2 —z' 1 respec¬ 
tively and are degenerate in the undistorted 
environment with electronic energy the 
only possible distortion of the nuclear frame¬ 
work will result from coupling with the E 
modes. The vibronic Hamiltonian for the E 


manifold may be written as: 

*(J ;) + '«e*(" 1 ?) + '»e.(? i). 

The first term gives the electronic energy for 
zero Q a> the nuclear kinetic energy and the 
quasi-elastic energy term. M is the mass of 
the carbon atom and oj a is the response 
frequency for the a mode. The latter terms in 
the expression which depend on l EE are 
responsible for the Jahn-Teller effect. Within 
the rigid-atom approximation 

For finite values of l EE the ground-state 
energy is reduced by 


The new equilibrium configuration cannot be 
determined unambiguously without including 
higher-order terms in the Hamiltonian. Opik 
and Pryce[5] have shown that for a crystal 
with cubic symmetry there are three possible 
equivalent tetragonal distortions which re¬ 
present the energy minima. The configurations 
for these distortions have symmetry axes 
along the x , y and z directions. For a tetragonal 
distortion along the x axis Q t is zero and 

\Qe\ = \Ibe\IMw/. 

The sign of Q e can only be determined by a 
detailed knowledge of the higher order terms. 
Equivalent results hold for the y and z direc¬ 
tions. 

For the three-fold degenerate state the 
results are formally the same irrespective of 
whether the state has T x or T 2 symmetry. 
When all the Q a modes are zero the three 
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electronic slates \f), |i?> and |{> belonging 
to the T representation are degenerate. These 
states transform tike x, y, z or yz, zx, xy. The 
vibronic Hamiltonian for such a state is more 
complicated than previously because there 
are terms linear in Q t , Qe, Qn Qv and Q(. The 
vibronic Hamiltonian for the T, manifold may 
be written as follows: 

^ - [ £ * + 2 
L a. 


X 


B . 
+ Lm 
6 



Qe + V3 Q e ■ 

■ -Qe -vie. 


/ • e t Qv\ 
+ frr\Qt ■ Qt 
\Qv Qt ■ 1 


l n: and Itt may be defined as 


212$ 

mixed distortions do not occur [9], For a 
trigonally distorted system there are four 
equivalent configurations with symmetry 
axes along the <T, 1 , 1 ), < 1 , 1 , 1 ), <I, 1 ,T) 
and <1,1, 1 ) directions. The equilibrium dis¬ 
tortion configuration for the various equiv¬ 
alent symmetry directions are as defined in 
Table 1 of Ref. [5] with Q u Q 2 , Qt, Q 3 and 
Q* replaced by Q«, Q t , Q ( , £>„ and Q ( respec¬ 
tively. The distortions considered in this study 
are defined in terms of q E and q T where 

qt; ~ / teI 12 Mioi — 1/12 <7i 


q T = 2 / 77.3 Maif = 2/3 q 3 . 


3 . RESULTS 

On the basis of the results shown in Figs. 
2 , 3 and 4 of Paper I the Jahn-Teller splittings 
for the following degenerate levels have been 
determined 


V + : 2 T 2 


The terms involving l TK and are respons¬ 
ible for the Jahn-Teller effect. The configura¬ 
tion which now results in an energy minimum 
for the system may either be tetragonally or 
trigonally distorted. The energy reduction 
for the tetragonal distortion is 

A E te = ^ I r /I2M«>/ 

while for a trigonal distortion the energy 
lowering is given by 

A£tt = | lrr 2 l2Moi T *. 

The stable configuration for the distorted 
system is determined by the larger of A E TB 
and AE 7T . For intralevel coupling only, 


V° : l E, 9 T u 'T t 

v-: 

The l ee - Ite and / 7T terms necessary for the 
calculations are evaluated by a similar method 
and numerical procedure to that outlined in 
Paper 1 for the F„ terms. The values for the 
derivatives of the molecular integrals neces¬ 
sary for the determination of the trigonal force 
terms are given in Table 1 for the two alterna¬ 
tive choices of atomic functions from Paper 1. 
The derivatives of the molecular integrals 
used to evaluate the tetragonal force terms 
are listed in Table 2. The expressions for the 
derivatives, shown in Table 2, include terms 
involving the derivative of the overlap in¬ 
tegral. In particular, because of the inclusion 
of these terms the derivative 
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Table 1. Derivatives of molecular integrals 
for trigonal distortion terms 



Dementi functions 

Slater functions 

<y|tf*|z> 

- 12-8235* 
-16-7565 

-II 7702 
-16-7369 


1-1817 

1-1210 

(M tf,i vy) 

-1-0882 

-1-0749 


4-0695 

4 208S 

\xy) 

rial 

2 42H4 

2-5462 

Kill 

2*3005 

1 -7870 

< J—|.ur> 

\r i>l 

51366 

4-9%4 

<yy “" vi> 

Imij 

3 8278 

3-3737 

Hih 

2-2648 

1 8086 

Hr',b 

1 -0021 

1-0306 


* All derivatives in eV/A. 


depends strongly upon the value chosen for 
the self-penetration integral P as shown in 
the table. 

The values of the linear response frequen¬ 
cies calculated by Larkins and Stoneham(IO] 
allowing for complete relaxation of all the 
atoms in the crystal, i.e. adiabatic approxi¬ 
mation. are a>, : - 113 . I0 M rad/sec and w x = 
0‘98.10 4 rad/sec. These values are smaller 
than the values predicted previously using a 
restricted relaxation model [7], i.e. sudden 
approximation, where &> A = 2 02.10* rad/sec 
and a*r= I -43.10 M rad/sec. In this study, as 
in Paper 1. we use the latter values to include 
some contribution from higher order terms; 
however, the required values for the Jahn- 
Teller energy and distortion terms using the 
estimates from Ref. [10] may be readily 
calculated from the results in Tables 3-5 by 


multiplying the tetragonal terms by 3-20 and 
the trigonal ones by 2- 13. 

Using the information given in Tables 1 and 
2 to calculate the I terms and the effective 
frequencies the Jahn-Teller splittings and the 
corresponding distortions for the various 
levels may be determined. The results for the 
degenerate electronic levels of the K + , J /0 
and V~ centres considered are presented in 
Tables 3,4 and 5 respectively. 


Table 2. Derivatives of molecular integrals 
for tetragonal distortion terms 


d $2. (imegraJ> 

Clementi functions 

Slater functions 

(y\H"\y) 

— 8 1787* 

— 3-8432t 

-7-4022 

-4-2221 

Hib 

0-4648 

0-5070 

(rel—Ivy) 

1 r i z| 

1-2779 

1-3758 

(rJ-r-Ivi) 

1 r 121 

-0-8300 

-0-8875 

( xvl-Uxv) 

| r 121 

0-7279 

0-6415 

(vyl—jyv) 

Kill 

1-9287 

1 -7287 

(xx — vy) 

Kisl 

-0-1560 

-0-2777 


*Casc 1. 
tCase 2. 


4. DISCUSSION 

Several general features emerge which 
underlie all the calculations. From the tables 
it is apparent that the magnitude of the 
splitting is not very sensitive to whether 
Slater or dementi functions are chosen to 
represent the wave functions for the 2s and 
2p orbitals on the carbon atoms. This finding 
is contrary to what had previously been 
conjectured [ 11]. The uncertainty in the cal¬ 
culations, as represented by the values for 
case I and case 2 with a particular basis set, 
is much greater than the difference due to an 
alternative choice of functions. It is also clear 
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that the magnitude of the effect depends upon 
the extent of configuration interaction. This 
is most easily seen from die variation of the 
trigonal force terms, because here the values 
of the derivatives of the molecular integrals 
are the same in both cases. 

For the tetragonal cases the variation from 
case 1 to case 2 is much larger. This is due 
partly to the change in the values of the eigen¬ 
vectors, but more importantly, to changes in 
the value of the one-electron term which arise 
through inclusion of terms involving the 
derivative of the overlap integral, as dis¬ 
cussed in the previous section. In Paper I 
it was shown that delocalisation of electronic 
charge away from the vacancy does not cause 
changes in the relative ordering of the lowest 
electronic levels; however, this effect does 
result in a change in the extent of configura¬ 
tional mixing which will effect the values 
obtained for the Jahn-Teller splittings, es¬ 
pecially for the trigonally distorted case. This 
effect remains to be fully investigated once 
some of the centres have been positively 
identified. 

Unfortunately, no definite experimental 
results are yet available for the magnitude of 
the Jahn-Teller effect for the electronic 
levels of the single vacancy in diamond. To 
extrapolate from the results on silicon is 
rather unsatisfactory, because of the different 
response characteristics of the two lattices 
110J; therefore, such a comparison has not 
been made. 

For the lowest 2 T 2 level of the V + centre the 
value predicted for the Jahn-Teller splitting 


Table 3. Jahn-Teller terms for positive 
vacancy: 2 T 2 level 


Function 

In 

eV/A 

AErtf 

eV 

Irr 

eV/A 

&Ett 

eV 

Slater; Case 1 

-23-28 

0-50 

-Jl-50 

2-36 

Slater; Case 2 

-10-45 

0 10 

-12 25 

2-67 

Clementi: Case 1 

-26-37 

0-63 

-11-52 

2*36 

Clementi: Case 2 

-8-43 

006 

-12-43 

2-76 


Values of q K and q T may be determined from the 
relationships given in the footnote of Table 4. 


is unreasonably large. The results, which 
show very good agreement between the values 
obtained using Slater and Clementi functions, 
favour a trigonal distortion of the lattice in 
order to remove the orbital degeneracy. This 
result is different from that obtained by 
Friedel et al. [6], for in their study a small 
tetragonal distortion of the nuclear framework 
was favoured for the 2 T 2 level. 

The results for the lowest levels of the 
neutral vacancy are given in Table 4. All the 
calculations predict that the Jahn-Teller 
splitting of the 3 T, level results from a 
trigonal distortion of the vacancy system. 
Again the calculated magnitude of the 
splitting is very large, especially in the case 


Table 4. Jahn-Teller terms for neutral 
vacancy ; 3 T,, l T 2 , '£ levels 


Function 

In: 

eV/A 

&Etb 

eV 

Irr . 
eV/A 

A£rr 

eV 

1. 3 r, Level 





Slater: Case I 

21-58 

0-43 

8*64 

1*34 

Slater; Case 2 

8-42 

006 

686 

0-84 

Clementi: Case 1 

24-67 

0-56 

8*37 

1 25 

Clementi: Case 2 

6-26 

0-04 

5*29 

0-50 

2. 'Tt Level 





Slater: Case 1 

21 44 

0-42 

-5-18 

0-48 

Slater: Case 2 

8-91 

0-07 

-4-20 

0-31 

Clementi: Case 1 

24-00 

0-52 

-503 

0*46 

Clementi: Case 2 

6-83 

0-05 

-3-39 

0-21 







eV/A 

eV 



3. ] E Level 





Slater: Case 1 

6-96 

0 41 



Slater: Case 2 

2-82 

0-06 



Clementi:Case 1 

7-92 

0 51 



Clementi: Case 2 

209 

0-04 




Values of q s , q T and \Q t \ may be determined from the 
following relationships: q t - — 3A£V f /2/ re ; q T — AErrlJrr 
and \Qo\ = 2A EkkIIeb* 


1 approximation. We are inclined to think 
that such a large effect would be most un¬ 
likely for the diamond system. For the lowest 
'£ level the Jahn-Teller splitting is less than 
for the 3 Ti level such that if the undistorted 
electronic levels were corrected by these 
splittings the *7’, level would be predicted as 
the ground state level in ail four cases con- 
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sidered for the neutral vacancy. The change in 
the value of AE M for the l E level from case I 
to case 2 indicates the extent of uncertainty in 
the calculation. With the case 1 approximation 
using Clementi-type functions a tetragonal 
distortion associated with the 2 T 2 level is pre¬ 
dicted; however, in the alternative approxi¬ 
mation a trigonal distortion of the system is 
favoured for this level. A more accurate 
knowledge of the parameters involved is 
heeded to resolve such conflicting results. 
The results obtained by Lannoo and co- 
workers|6,11] predict a trigonally dis¬ 
torted system associated with the Jahn- 
Teller splitting of the *7*, and 'T 2 levels. 
These results are in more qualitative agree¬ 
ment with the present findings. 


Table 5. Jahn-Teller terms for negative 
vacancy: 3 T 2 , 2 T,. 2 E levels 


Function 

hr 

c V/A 

eV 

1TT 

cV/A 

Mrr 

eV - 

1 , *7, J cvcl 





Slater: Case 1 

0 8 V 

1 x l() • 

- 3 09 

0-18 

Slater: Case 2 

l-Vl 

4 x 10 1 

-2‘05 

0*07 

dementi: ( use 1 

119 

1 A 10 1 

312 

018 

dementi: Case 2 

- 2 27 

5 a 10 •* 

1 47 

004 

2 . J Ti Level 





Slater: Case 1 

101 

1 x 10 1 

-0-24 

l x 10 ■* 

Slater Case 2 

-065 

4 x 10 4 

103 

002 

dementi. C ase 1 

O'VO 

7 x 10 » 

-0-26 

1 x 10 » 

dementi: Case 2 

- 0*40 

1 X 10 4 

-1-55 

0-04 


ht 





eV/A 

cV 



3. ’F: level 





Slater: Case 1 

0 91 

0-007 



Slater: Case 2 

119 

0 01 



Clcmenti; C ase 1 

0-62 

000 : 



Clcmcnti: Case 2 

0-95 

0007 




Values of <tt< <ir and |(?«l may he determined from the 
re/a tion ships given in the footnote of Table 4, 


For the *7’*, *7\ and l E electronic levels of 
the negatively charged vacancy the pre¬ 
dicted Jahn-Teller splittings are all small 
with the possible exception of the results 
for case 1 of the level. Correction of the 
energy levels shown in Fig. 4 of Paper 1 for 
these splittings results in no change in the 
relative ordering of these levels. A trigonally 


distorted equilibrium configuration of the 
nuclear framework is predicted for the *7* 
level. For the *T X level the situation is more 
uncertain, although a trigonal distortion of the 
system is favoured in the majority of the 
calculations. 


5. CONCLUSION 

These calculations demonstrate that the 
magnitude of the Jahn-Teller splittings is 
largely independent of the choice of atomic 
functions in the two cases considered, but is 
sensitive to the extent of configuration inter¬ 
action for a particular level and to the in¬ 
clusion of overlap derivatives. The unreason¬ 
ably large values obtained for the 2 T. i level of 
the F + centre and the 3 T, level of V° even 
when using modified effective frequencies 
demonstrate that the first-order theory with 
only linear coupling terms is inadequate for 
this system. In particular, if the system has a 
large- symmetric relaxation then second-order 
terms of the kind Q„Q a may be very important. 
Interlevel coupling effects are considered to 
be small for the systems investigated. 
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HELIUM DIFFUSION IN LiH* 

J. B. HOLT, M. Y. ALMASSY'rad R. W. CRAWFORD 
Lawrence Radiation Laboratory, University of California, Livermore, Calif. 94550, U.S.A. 

(R eceived 2 1 January 1971) 

Abstract — Helium diffusion was studied in single crystals of LiH. The helium was introduced into the 
material by the nuclear reaction Li*(«, <*)H 3 . In the temperature range from 200-52Q°C the apparent 
diffusion coefficient is given by; 


D a » 2 04 exp (—28,200/1?7). 

The results appear to be independent of radiation does from 10 ,s -10 17 nvt, and of magnesium content 
up to 2300 ppm. The most plausible mechanism is the diffusion of helium atoms via interstitial sites 
as they are continually trapped at unspecified lattice defects. 


I. INTRODUCTION 

Inert gas diffusion has been studied in 
various solids such as reactor fuel elements, 
minerals, rocks, and glasses [1]. Unfortunately, 
the mechanism of diffusion in these materials 
is often obscured by undetermined para¬ 
meters such as grain boundaries, thermal 
gradients, variable composition, etc. For this 
reason, mainly in the past few years, inert gas 
diffusion measurements have been made in 
simple ionic compounds which might serve 
as models for the more complex materials. 
By now, a fairly extensive volume of diffu¬ 
sion data has been accumulated on the 
alkali halides [2]. 

Nearly all of these studies deal with radio¬ 
active isotopes of inert gases, either produced 
by neutron activation of ions in the lattice or 
inserted by ion implantation. Usually, the 
availability of radioactive isotopes simplifies 
experimental equipment. Thus, one probable 
reason for the scarcity of helium diffusion 
data in ionic compounds is the lack of a suit¬ 
able radioactive isotope. For the experiments 
to be described, equipment was designed to 
accurately measure small amounts of helium 
(10 p atoms) (see Ref. [3]) produced in LiH 
by the nuclear reaction Li fl (/z, He 4 )H 3 , 


2. MATERIALS 

Single crystals of LiH were synthesized by 
reacting 99-999 per cent pure hydrogen gas 
with molten lithium metal contained in stain¬ 
less steel reactors with iron liners. The 
reactors were pressurized to 60 psi hydrogen 
and held at 730°C for 2 hr, or until there was 
no further decrease in pressure. When the 
reaction was complete, the temperature was 
decreased 1 *5 deg/hr until 600°C was reached, 
and then maintained at that temperature for 
24-48 hr. After this anneal, the reactors were 
cooled to room temperature at a rate of 6 
deg/hr. 

Usually, the crystals were light blue in 
color due to the presence of excess lithium. 
Some crystals were later annealed in 60 psi 
hydrogen at 550°C for over 120 hr. This 
second anneal produced clear, colorless 
crystals with no visible imperfections except 
a few subgrain boundaries. Both annealed 
and unannealed crystals were used in the 
diffusion experiments with similar results. 
An analysis of a typical crystal showed the 
following impurities: Al, 10 ppm; Ca, 10 
ppm; Cu, 7 ppm; Fe, 7 ppm; Mg, 30 ppm; 
Na, 70 ppm; and Si, 30 ppm. 

3. EXPERIMENTAL PROCEDURE 


*Work performed under the auspices of the U.S. 
Atomic Energy Commission. 


LiH is an extremely hydroscopic material, 
so all experimental work was carried out in a 
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dry, oxygen-free atmosphere. A sample 
showing signs of contamination at any point 
in the experiment was immediately rejected 
from further consideration. 

Diffusion samples* approximately 1 0 
cm x 1 *0 cm x 0 06 cm, were cleaved from 
large single crystals. These were individually 
sealed in quartz tubes and then enclosed in 
aluminum cans prior to neutron irradiation in 
the Livermore Pool Type Reactor. Helium 
atoms were produced throughout each sample 
using the Li^n, He*)H 3 nuclear reaction. 
Homogeneity was insured since the neutron 
mean free path of ~ 1 cm [4] was much larger 
than the thickness of the sample, — 0*06 cm. 

The flux was 5*0x|0 12 neutrons/cm 2 sec 
for thermal neutrons, and 5 0x 10 M neutrons/ 
cm 2 sec for fast neutrons. Irradiation times 
varied from 3 min to 5*5 hr, which produced 
thermal neutron doses from - I0 1S neutrons/ 
cm 2 to —10 17 neutrons/cm 2 . This dose range 
corresponds to 3*8 x 10 ir ' helium atoms/cm 1 
of LiH to 4-2 x 10 7 helium atoms/cm 3 of LiH 
with the natural abundance of Li tt . Upon 
completion of irradiation, the crystals were 
removed from the quartz tubes in an argon 
dry-box and visually examined for signs of 
contamination or mechanical damage. 

For the diffusion runs, a sample was placed 
into a stainless steel chamber which in turn 
was inserted into the automatic helium diffu¬ 
sion apparatus. The complete system, in¬ 
cluding the sample chamber, was pumped 
down to less than 5 x 10“ 8 torr. After being 
isolated from the rest of the system by a 
pneumatic valve, the sample chamber was 
pressurized to 12 torr of hydrogen. This 
pressure is much higher than the dissociation 
pressure of LiH in the experimental tempera¬ 
ture rangeof200-500°C[5]. 

The samples were heated rapidly (3-6 
min) to the diffusion temperature with a small 
resistance furnace and held at constant temp¬ 
erature to within ±5°C for 2-64 hr. At selected 
time intervals (10 min to several hr), the gas 
content of the sample chamber was expanded 
into a titanium sublimation pump where the 


hydrogen was gettered. Within 3 sec a new 
hydrogen atmosphere was introduced into the 
sample chamber. The partial pressure of 
helium was measured by a high sensitivity, 
low-resolution partial-pressure gauge. The 
amount of helium was determined by com¬ 
parison of the partial pressure to measure¬ 
ments on known mixtures of hydrogen and 
helium. 

At the end of each run, the temperature of 
the crystal was raised to the melting point of 
LiH to release the remaining helium. From 
these isothermal experiments the data was 
obtained for fractional release (F) as a func¬ 
tion of time. Two samples containing MgH 2 
were also measured to determine the effect 
of introducing cation vacancies. The MgH 2 is 
expected to be in solid solution for the con¬ 
centrations utilized [6]. 

4. EXPERIMENTAL RESULTS 

One solution to Fick’s second law for 
diffusion out of a slab of thickness h is given 
by equation (1) for the boundary conditions, 
c*(0, 0 = c(h y t) = 0 for t > 0, and c{x, 0) = 
c 0 forO «£ x ** h[ 7], 



| 7r -w J + 2 | ( _ 1) „ ierfc _^_|_ (l) 

The average concentration, c , is defined as 
Uo — Q)/<o, where c 0 is the initial helium con¬ 
centration in the solid, and c t is the concen¬ 
tration of helium released from the solid in 
time t. The fractional release (F) is equivalent 
to Cf/r 0 so that c is also equal to 1 — F. A 
computer program was written which fits the 
experimental data to equation (1) and solves 
for D as an adjustable parameter. Figure 1 
shows the data from a typical sample. The 
circles are experimental points, while the solid 
curve is generated from the computer fit to 
the data. The fit is very good over the duration 
of the run and is representative of all samples. 
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Kig. 1. Isothermal plot showing the fractional release vs. 
time for a typical sample at 450°C The open circles are 
the experimental points while the solid line is the solution 
to equation (1) for D A = 2*83 x 10® cm 2 /sec. 


An approximation to equation (1), which 
should be valid at short times, is given by 
equation (2). 


TTh 2 ‘ V / 

Figure 2 shows the same data as shown in 
Fig. 1, but here it is plotted according to the 
form of equation (2). The linearity is good for 
short times and does not deviate until F — 
0-65. The D value computed from the initial 
slope of Fig. 2 differs from that calculated 
from equation (1) by less than 10 per cent. 
Thus, it is possible to obtain correct values 
for D by use of the approximate equation 
without resorting to the complexities of 
computer calculations. 

In these experiments the values for D were 



derived by solving equation (1), and a least- 
squares analysis gives the apparent diffusion 
coefficient, D,,, as 

, D a = 2 04 exp (- 2&,miRT). (3) 

The individual D A values are listed in Table 1 
and plotted in Fig. 3 along with the tine 
calculated from equation (3). The plot con¬ 
tains measurements on samples whose neutron 
dose varied from 10 ,s to 10” nvt. Within 
experimental error, in this range the diffusion 
coefficients are independent of dose. In¬ 
cluded in Fig. 3 are the results from two 
samples containing 2300 ppm by weight of 
magnesium. The purpose of adding magnesium 
was to introduce cation vacancies into the 
lattice in order to determine their effect on 
the diffusion coefficients. Since the amount 
of magnesium is greater by an order of 
magnitude than the sum of all other divalent 
cation impurities, any influence of additional 



Fig. 2. F l vs. time plot for the same data as shown in 
Fig. 1. The value of the apparent diffusion coefficient is 
D a “ 2-9 x 10" 8 cm 2 /sec. 


Fig. 3. An Arrhenius plot of all data points including two 
containing 2300 ppm Mg(A) and doses front 10 11 to 
10 17 nvt. The line is a least-squares fit to the points. 
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Table 1, List of experimental diffusion coeffi¬ 
cients at different temperatures 


Sample 

No. 

Dose 

(nvt) 

Temperature 

ro 

Diffusion 

coefficient 

LiH-2a 

10 '* 

350 

3-3 x 10"’ 

LiH-2b 

10 “ 

430 

7-3 x 10 9 

LvH-3 

10 ’" 

400 

4-0 X 10 10 

UH-4a 

10 IT 

200 

9-8 x 10 “ 

LiH-5a 

I0 ,r 

400 

6 0 x t0"“ 

LiH*6a 

10 “ 

285 

2*8 X 10' »* 

LiH-6b 

10 “ 

450 

2*8 X 10~ a 

LiH-7 

10 “ 

495 

2-8 x 10 s 

LiH-9 

10 “ 

520 

7*4 x 10~ K 

LiH-10 

10 “ 

468 

2*0 x 10 " 

LiH-l I 

10 '* 

520 

3*1 x 10 H 

LiH -13 

10 “ 

462 

6*9 X 10 8 

LiH 14 

10 “ 

325 

2*4 x 10 “ 

LiH-l 5* 

10 “ 

420 

I Ox 10 " 

LiH-16* 

10 “ 

310 

1 -Ox 10^° 


*Mg Impurity 


vacancies should be easily observed. No 
second phase precipitates were found in the 
LiH samples containing magnesium by X-ray 
analysis, as expected |6|. 

5. DISCUSSION 

Recently, Jaswal and Streifler(S), Wilson 
and Johnson[9), Harrison and Fischerl 10] 
and Dellin et al. [ 111 published theoretical 
calculations of the activation energy for helium 
migrating interstitially in Li H. The calculations 
gave very similar values: 13-8 kcal/mole[8], 
15-9 kcal/mole|9], 12-4 kcal/mole[101. and 
13-8 kcal/mole[l l|. However, these values 
are much lower than our experimental energy 
of 28-3 kcal/mole. This disagreement between 
theoretical and experimental energies suggests 
that a simple interstitial model is inadequate 
to describe helium transport in LiH. 

If the helium were to diffuse by a vacancy 
mechanism, the observed activation energy 
should be similar to that for self-diffusion of 
one of the ionic components. Experimental 
activation energies for self-diffusion are: 
34-6 kcal/mole [ 12] and 22-0 kcal/mole for the 
H~ ion, and 29-0 kcal/mole for the Li + ion 
[13], These energies are close to our experi¬ 
mental activation energy. However, helium 


diffusion by a vacancy mechanism is unlikely 
when the apparent diffusion coefficients of 
the samples containing magnesium are con¬ 
sidered. 

When Mg 2+ is added to LiH, one cation 
vacancy is created for each Mg 2+ ion, assum¬ 
ing complete solid solution and intrinsic 
Schottky-type disorder. The concentrations 
of cation and anion vacancies are determined 
by electroneutrality considerations and the 
mass action equation, 

K = (K U+ )(L„-) (4) 

where (L u +) is the concentration of lithium 
ion vacancies and (L H ~) is the concentration 
of hydrogen-ion vacancies. At a selected 
temperature, an increase in the concentration 
of cation vacancies introduced by magnesium 
will cause a proportional decrease in the 
concentration of anion vacancies [14]. 

The self-diffusion coefficient may be defined 

H.S 

D = DvCy (5) 

where D v is the vacancy-diffusion coefficient 
and C v is the concentration of vacancies. For 
the case of helium diffusion in LiH containing 
Mg 2+ , the diffusion coefficients should be 
enhanced if a cation vacancy mechanism 
predominates, or be diminished if anion 
vacancies are involved. As can be seen in 
Fig. 3, the addition of magnesium seems to 
have no effect of the diffusion of helium in 
LiH. 

The most plausible explanation for these 
experimental results is that helium atoms 
diffuse via interstitial sites, but are continually 
trapped in some type of lattice defect. Such 
traps might include radiation-induced clusters, 
cation vacancies, anion vacancies or vacancy 
pairs. Since the apparent diffusion coeffic¬ 
ients in Fig. 3 appear to be independent of 
dose in the range from 10 15 to 10 17 nvt, then 
radiation-induced clusters are probably not 
important as traps. 

If the trapping mechanism does apply, the 
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activation energy from Fig. 3 is [15] 

E = (Ejn + Br — H/) (6) 

where E m is the energy for mobility through 
interstitial sites, B T is the binding energy of 
the helium atom to the trap, and H f is the 
enthalpy of formation for vacancies. For 
LiH, H f 43 kcal/mole[ 8 ] and E m » 14 kcal/ 
mole, so that B r ~ 57 kcal/mole. From our 
experimental data, it is not possible to select 
the trap involved, and no theoretical calcula¬ 
tions for trapping energies of helium in 
different lattice defects are available for com¬ 
parison. Therefore, the nature of the traps 
remains unspecified at this time. 

Some mention should be made about the 
possible influence of bubble formation on the 
diffusion and trapping of helium. There is 
evidence for the occurrence of gaseous 
helium (161 and also bubble formation [17] in 
irradiated LiH. Bubbles which probably 
contain helium have also been found in 
neutronirradiated LiF[18J. However, the 
effect of bubble formation (if any) on these 
experiments is unknown and remains an area 
for further experimental investigation. 
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Abstract-The ‘apparent effective valence Z**, deduced from experiments on electromigration using 
tracer atoms, differs from the true ‘effective valence' Z* by the ‘vacancy flow term\ previously intro¬ 
duced by Howard and Lidiard and by Manning in ionic crystals. This corrective term could explain 
the small values obtained for Z* * of the transitional tracers: M Mn, “Fe, M Co and ®Ni in Silver. 

An experiment has been carried out with a9 Fe in copper to confirm this hypothesis. 


1. INTRODUCTION 

In order to study the electronic structure of 
ions at the saddle point, i.e. ions halfway 
between two vacancies during a jump, we 
have investigated the electromigration of some 
solutes in Silver[1,2]: "°Ag. 1#ll Cd, n4m In, 
" :, Sn and ,z4 Sb. In fact, many such experi¬ 
ments have been performed in recent years 
[3-8], but the results vary over a wide range 
according to the authors and to the experi¬ 
mental procedures. For the saddle point in¬ 
vestigation, it is necessary to undertake the 
experiments in the same laboratory. For this 
reason, to supplement the above mentioned 
solutes, we have been interested in the 
behaviour of transition elements. 

The choice of the'iron group is governed 
by the well-known variation of the excess 
resistivity of ions distributed homogeneously 
at the lattice site in a noble metal matrix [9]. 
This variation is thoroughly explained by the 
virtual bound states model introduced by 
Friedel[10-13]. It would be interesting to 
examine to what extent the model can be used 
to describe the electronic structure of transi- 
tional ions at the saddle point. 

For the time being w« will limit ourselves 
to the presentation of the preliminary experi¬ 
mental results. We will see that they are very 
unusual. In fact, they could be explained by 
the presence of the vacancy flow effect. In 


Section 2 we show by means of the Thermo¬ 
dynamics of Irreversible Processes how this 
effect is introduced. In Section 3, we point out 
its importance in the explanation of the small 
values obtained for the apparent effective 
valences. 

2. VACANCY FLOW EFFECT 

In the previous paper[1], we have neg¬ 
lected the term (L ab /L B i,){za-ZaIzb-Zb) in 
the expression of the flux of 1Z4 Sb in silver. It 
will be shown that this term can.become impor¬ 
tant in some cases, especially for the tracer 
atoms investigated in the present work. 

In a metallic alloy where the diffusion occurs 
by a vacancy mechanism, the flux J of the 
components A and B can be written in the 
following form [ 1 ]: 


L=- 




-Lu±p 

T dx* e 


( 1 ) 


Jfl- 






tTx*' 


( 2 ) 
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where ft are the potentials from which the 
thermodynamic forces are derived: 

Pa “ Ha + 

+ W<t> 

Pt - M/, 
mV “ tV - ?4> 

and E — (d</>/dx) is the electric field. 

These fluxes are measured with respect to 
the lattice reference, defined by a thin layer 
of Hf ,H, 0* tracer or simply by the initial inter¬ 
face of welding (revealed by chemical etching). 
The phenomenological coefficients L AA% L HH 
are related respectively to the self- and hetero- 
diffijftion coefficients l )\., l )^. 7'he cross-term 
l ah Lha describes the coupling between 
fluxes of atoms A and R. The coefficients 
L At n I n, originate from the interaction of atoms 
A and B with the charge carriers. 

Let z A eE and z$eE be the friction forces due 
to charge carriers on atoms A and If averaged 
over a jump path: 

E,i <* ~~ E^ A Z. A "b (3) 

Eflr ** Eff A Zi + ■ (4) 


It means that this relation is valid only when 
the fluxes are independent. On the other hand, 
it is important to note that the correction term 
L ba IL bb is identical to the ‘vacancy flow effect* 
introduced by Howard and Lidiard[14] in the 
ionic crystals and calculated by Manning[15] 
in a more complete kinetic analysis. 

At this stage, in order to avoid confusion 
with previous notations [1,2] we will define 
the various valences as following: 

z A n Zn are valences of the matrix and of the 
tracer atom; 

z A < z B are valences relative to the friction 
forces; 

Zjf — z A ~ zg < Zg — z B — zg are effective va¬ 
lences which are to be compared with theo¬ 
retical expression f 16-18J; 

Zf*n Z„** are apparent effective valences 
measured in our experiments and related to 
the true effective valences by the relations 
(10) and (11). 

Let us consider two following cases: 

(I) Self- diffusion B — A 1 

Equation (5) becomes: 



For dilute solutions (n„ «,). equation (2) where119): 

reduces to; 


J + 3iSL 
J * * fix k l 


*[ 


(Zn —zg ) + 7^ I 


( 2 ’ 


Jt follows that, in our tracer diffusion experi¬ 
ments, the drift velocity v„ resulting from the 
electric field is given by; 


v * “ Ir[ iZa - ] + ZZZ (Za < 5) 

This expression may he compared to the 
Nemst-Einstein's relation which states that: 


v fl ° 


kT 


(Za~zg)e E. 


( 6 ) 


J\ being the correlation factor, equal to 0-78 
forf.c.c. lattice. 

Therefore: 


LkT 


(7) 


where: l>* lf A is the uncorrelated self-diffusion 
coefficient. Hence, in the case of self-diffusion, 
the vacancy flow effect compensates exactly 
the correlation effect. This result is not sur¬ 
prising, for in a vacancy mechanism, the flux 
of solvent atoms is equal and opposite to the 
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flux of vacancies whose jumps are not cor¬ 
related [1],[20], [21]. 


(2) Heterodiffusion B = B* 
Here: 


y B .=^Z* B +^z{\e E. (8) 

We can therefore write (7) and (8) in the 
Nernst-Einstein’s form: 

n a 7 * * 

V(= ‘ kf ' ( 9 ) 

where: 

zr = m/A do) 

Zg* = Z$[ i+-^§|]. no 
If L B JL BB is small (for example 124 Sb in Ag): 

Z * * y * 

But it should be mentioned that L BA jL BB could 
be negative and approach the limiting value 
—2; that is, instead of accelerating the diffusion 
of the tracer B(L ba /L bb > 0), the vacancy 
flow effect can in certain cases slow it down 
considerably ( L BA jL BH < 0). This can be 
seen by using Howard and Lidiard’s expres¬ 
sions for L ba and l* BB [22]« 


Lba _ —2 + 3 (W 3 /W,) ( . 2) 

L bb l+l (W 3 IW,) 1 ; 

where are standard vacancy jump fre¬ 
quencies. 


When: ^ -* 0, lim —» —2. 

On the other hand, Manning has derived a 
more general expression [23] for the vacancy 


flow effect: 



namely: 

(*p> = 

3W,-2W, + (W a /W 4 )(W n -W 4 )7(l-F) 
2W x +1FW b 

or: 

<flp>= 2+7Fr 


(13) 

(14) 


where: r = W 3 IW t 

<? = 3 + 7(1-F)(W 0 /W 4 -1) (IS) 

IF and <p are plotted as a function of W u /W 4 
[23,24] in Fig. 1. The Fig. 2 represents {«„> 
vs. the ratio r for various values of W 0 IW 4 . In 
particular, for W 0 — W 4 , 2{n„) is approxi¬ 
mately given by equation (12). 

To determine the true effective valences Z* 
from experiments, one therefore need to know 
these ratios WJW 4 and WJW^, which can be 
deduced from both the isotope effect measure¬ 
ment and the solute-enhanced self-diffusion 

[25] . Unfortunately, there are at present only 
a few cases where the data are available. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental techniques are destribed 
in [1,2]. A thin layer of radioisotopes is 
deposited between two cylinders of Ag metal. 
The isotopes are obtained from the Depart¬ 
ment des Radio£16ments at Saclay in the form 
of chlorides. The plating bath consists of a 
saturated ammonium oxalate solution whose 
pH is reduced to 4 by addition of oxalic acid 

[26] . The welding of the two cylinders and 
of the whole specimen to electrodes is carried 
out at the same time, in a vacuum of 10~ 6 mm 
Hg, at 750 6 C during 1 hr[1]. In order to avoid 
the evaporation of silver, the anneal is made 
under a purified argon atmosphere for periods 
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Fig. I. IF and tp as a function of WJW 4 and W 4 W 9 . 


of 2 to 3 weeks depending on the tracer. After 
the experiment, the tracer has diffused accord¬ 
ing to agaussian distribution with its maximum 
shifted to the anode from the original welding 
interface by a quantity x m . The following 
tracers have been investigated: 54 Mn, 50 Fe, 
wCo and w Ni (Table 1). Typical curves ob¬ 
tained are shown in Fig. 3(a,b,c). The Fig. 4 
shows the plots of Ln (specific activity) vs, 
the square of x-~x m (distance from the maxi¬ 
mum), 

The apparent effective valence is related 
tOJ^, by: 

z ** = 4 £ kTx m ( 16 ) 

* ep»J 

where: p^J » E and p is the slope of the plots 
in Fig, 4. 


The temperature is determined by using 
values of Q and D 0 from the literature [26-29]. 
In general the temperature thus 'vbtainecFdoes 
not differ by more than 10°C from that in¬ 
dicated by two insulated thermocouples placed 
at 2-5 mm from the isotope layer, excepting 
the case of 58 Co where the calculated tem¬ 
perature is 20 to 40°C higher than that of the 
thermocouples. On the other hand, the recent 
diffusion data for this tracer [30] are consistent 
with observed temperatures given in Table 1. 

In order to show the importance of the 
vacancy flow effect, let us consider first the 
case where it is neglected: 

Z$ = Z$* (17) 

and we will see that the results are quite 
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anomalous. From (16) and (17), one can cal- 
culate the sum of the excess resistivities due 
to the ion at the stable position and at the 
saddle point, using Bosvieux and Friedel’s 
model [J 8 ]: 

1 B se Ap (8tab,e) + Ap uad<1Je) 

= (l+/o-2Z5)p o /100 (18) 


/ 0 is equal to —2*5 in Silver. The results are 
given in Table 2. It can be noticed that the 
two last columns show almost the same values, 
namely: 

2b “ Ap Ijlnde (in Ag or Au). (19) 
The case of M Ni is questionable in view of the 


Table 1. Electro migration of transitional tracers in silver 


Tracer 

(sec)lO 8 

D 

(cmVsec) 

10“* 

Po 

(^tt-cm) 

J 

(am p/cm 2 ) 

<M) 

zr 

±Azr 

*Mn 

0*7293 

317 

7-53 

4062 

70 

-9*83 

3*2 


1 4211 

2-95 

7-50 

5170 

200 

— 12*21 

2*3 

M Fe 

1*2354 

1*212 

7-55 

4194 

250 

—52-41 

3*8 


*1*3644 

1*69 

8-82 

3904 

365 

—51*74 

4*4 

M Co 

1-6344 

1022 

7*55 

4549 

250 

-43*32 

4-6 


1-3948 

1*011 

7-55 

4847 

200 

—38-53 

5*2 

M Ni 

2-088 

0-826 

7*52 

5468 

150 

—20-97 

9*2 


Experiment performed in copper. 
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Fig. 3(a). 


J_i_ 

3 CM 


large experimental error for this run. For the (b) Ap (sU,hle) does not include the contribu- 
sake of simplification, let us assume that tion from the vacancy adjacent to the jumping 

is comparable to the value of the atom, for it arises only from the momentum 

resistivity given by Linde|9] for correspond- transferred to the latter, 

ing substitutional impurities in Au (excepting From equation (19), this would mean that the 
Mn). This assumption implies further that: excess resistivity of the ion at the saddle point 

(a) the contribution to Ap Unde from lattice would be very small for all these tracers, 

relaxation around the impurity atom is neg- Physically this is very surprising, for one 

lected; would expect Ap (saddu,) to be at least of the 



Fig. 3{b). 
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Fig. 3(c). Typical curves of electromigration in Silver (a) M Mn; (b) '“Fe; (c) "Co. 


same order of magnitude as Ap (slable) . 

A tentative explanation to this unexpected 
result can be given by taking into account the 
vacancy flow effect. Zg is no longer equal to 
Zg *, but it is given by equation (11): 

ZS = Zr~2(n p )Zt ( 11 ') 

Therefore if (n p ) is negative, the absolute 
value |ZjJ| would be much greater than \Zb & \- 
Unfortunately, the data necessary to the (n„) 
calculation for the tracers of interest in Silver, 
namely the ratios WJW* and WJW t are not 


available. For this reason, we have carried 
out an experiment with 6# Fe in Copper (see 
Table 1) where at 980°C we have [31]: 

^ = 0 04 and ^ = 0-15 
Hence: ( n p ) = -0-789 

with: Z£ u = —18 [32-34] and Z&* = —51*8, 
the equations (11') and (18) give respectively: 

Z F * e = -80*2 

£ Fe = 14,2 /xft-cm/at. %. (in copper) 


Table 2. Comparison between resistivities deduced from the 
present work and from Linde's measurement (jiil-cm/at. %) 


^pLInde 


Tracer 

N° 

TP C) 

zt -zr 

x. 

(Ag) 

(Au) 

(Cu) 

M Mn 

1 

877 

—9*8 

J -37 

1*60 

2 41 

2*83 


2 

873 

— 12*2 

1*72 




w Fe 

1 

880 

-52*4 

780 

— 

7'66 

9-3 


2* 

994 

-51-8 

914 




“Co 

l 

882 

-43*3 

6*43 

— 

6*1 

6*4 


2 

880 

-38-5 

5*71 




®Ni 

1 

876 

-20-9 

3*04 

— 

1*0 

1*25 
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Fig. 4, I n (specific activity) versus the square of x — x m (distance from the 

maximum). 


In the same system. Kuz'menko[35) has given 
for results varying from -28 to —65*7, but 
they have to be divided by 0*78 to give exact 
values of Zfc*. 

In the same way, if one assumes the same 
value of (n p ) for M Fe in Silver where Z* g = 
—l2*5[l],one would obtain: 

Ztf = —71*2 

= 10*8 jxftcm/at. %. (in Silver) 

Therefore these values of Z Fe are more reason¬ 
able in view of Linde's data. 

In conclusion, the small values of |Zg *| in 


Table 2 suggest that for all transitional tracers 
investigated in the present work the vacancy 
how term {n p ) is negative and plays an impor¬ 
tant role in the interpretation of the experi¬ 
mental results. Considerations on the relative 
magnitude of Ap (stHhle) and Ap (saddle) , for 
example Ap tsadd,e> > Ap ,Rtable) , would enable us 
to predict an upper limit of the ratio W^W x for 
a given On the other hand, it would be 

very interesting to take into account this 
vacancy flow effect for results in Ref. [2]. 
However, the correction in this case is thought 
to be less important[36], for the term (rip) 
would be small in view of estimated vacancy 
jump frequency ratios[25]. This is also, to a 
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certain extent, supported by the reasonable 
experimental values obtained for the different 
excess resistivities considered. 
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SPIN-SPIN RELAXATION NEAR THE CURIE POINT* 
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Abstract— The electronic spin-spin relaxation time, T Sl is calculated for Heisenberg ferromagnets in 
the region immediately above the Curie point. The calculation, which pertains to zero field, predicts 
that 1/T 2 diverges as \r where Xr is the isothermal susceptibility. The relative efficiencies of the 
dipolar spin-spin relaxation and exchange induced spin division are compared. For systems with 
parameters comparable to EuO spin-spin relaxation dominates for temperatures such that the ratio 
of the correlation length to lattice parameter is greater than two. In systems having the parameters of 
iron dipolar effects are much less important. 


1. INTRODUCTION 

The purpose of this paper is to examine the 
effects of the dipolar interaction on the relaxa¬ 
tion of the fluctuations in the magnetization in 
a ferromagnet in which special emphasis is 
placed on the region immediately above the 
Curie point. Our objective is to calculate the 
spin-spin relaxation time and to compare the 
efficiency of dipolar induced spin-spin relaxa¬ 
tion with the more familiar exchange-induced 
spin diffusion. 

The stimulus for this paper comes from re¬ 
cent neutron scattering experiments which 
have been carried out in the critical region in 
a variety of ferromagnetic and antiferro¬ 
magnetic materials[1-3], Above the critical 
temperature the inelastic scattering measure¬ 
ments which are taken at small momentum 
transfer directly probe the decay rates of the 
long wavelength spin fluctuations. In the con¬ 
ventional interpretation of these experiments 
the decay rate for cubic systems is written 
Dq 2 in the long wavelength limit, with D 
being the spin diffusion constant and q the 
wave vector of the fluctuation. The depend¬ 
ence on q 2 reflects the fact that the operator 
for the total magnetization commutes with the 
Heisenberg (isotropic) exchange interaction. 


* Research supported by the National Science 
Foundation. 


If only the exchange interaction is present the 
long wavelength fluctuations decay slowly 
with a rate which goes to zero in the small q 
limit. 

When in addition to the exchange interac¬ 
tion dipolar terms are included in the Hamil¬ 
tonian the total magnetization is no longer a 
constant of the motion. As a consequence 
there exists a second decay rate associated 
with the dipolar interaction which does not go 
to zero in the long wavelength limit. We wish 
to determine the range of wave vector and 
temperature for which this rate dominates the 
decay of the fluctuations. 

It should be noted that calculations of the 
spin-spin relaxation time in zero field for 
purely dipolar systems were reported by 
Broer[4] nearly thirty years ago. Wright, in 
a later paper, examined the decay rates in 
systems where both dipolar and exchange 
interactions were present[5]. An analysis of 
T 2 which is closer in spirit to the present 
calculation has also been given by Kubo and 
Tomita[6]. However the calculations in all 
of these papers were limited (for the most 
part) to temperatures far above the Curie 
point where it was legitimate to use the in¬ 
finite temperature approximation in the evalua¬ 
tion of various statistical averages. 

The calculation of the spin-spin relaxation 
time also has many points in common with 
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the calculation of the electron paramagnetic 
resonance linewidth. There is a difference 
however in that the EPR calculation pertains 
to a magnetic system in a finite magnetic field. 
Since the second order phase transition is 
present only at zero field it is expected that 
differences between finite and zero field relaxa¬ 
tion times may be especially significant near 
fhc Curie temperature, T r . 

Kawasaki in a recent paper, has investigated 
the EPR width near T C [T). He concludes that 
at small fields it diverges as Xr 3l4 < where \r is 
the isothermal susceptibility. We also find 
the xt‘* behavior. In addition we are able to 
obtain a numerical estimate for T 

2. CALCULATION 

We write the Hamiltonian for the magnetic 
system in the form 

^“-2 27 (J S ( .Sj + gy 1 (1 Iru)* 

<<J) «.J> 

X (S,. Sj - 3 (r,j.Sj) (r„ . S,)r,y 2 ). (I) 

The first term in (1) is the exchange interac¬ 
tion and the second represents the dipolar 
coupling. The symbol g denotes the ^-factor, 
H is the Bohr magneton, and the sum is over 
pairs of spins ii,j) whose separation is r,j. We 
also exclude crystal field effects. 

In order to study the dynamics of the system 
we introduce the relaxation function for the 
operator/l, (A{t),A). by 

{A(t),A) = J" d\ (exp [ (A+ )#']/* 

xexp [-(A + /r/fi)jr]/f + ) 
-fiiAXA 1 ), (2) 

where /3 = l/KT and the brackets denote a 
statistical average. 

As shown by Mori and Kawasaki [8] when 
the decay rate of (A{t),A) is much faster 
than the decay rate of (/1(f), A) then (A(t).A) 
can be approximated by {A, A) exp [-l^f] 


where 

r AA =(A,A)~ l f°°(A(t),A)dt, (3) 

J o 

with/4 = (ih)~ l [A,Mf]. 

In our calculation we take the operator A 
to be the z component of the magnetization 

M z = gn 2 Sit, ( 4 ) 

i 

and identify T with the inverse of the spin- 
spin relaxation time 1 / J 2 - 
Evaluating the commutator [A/*, <%*] where 
3? is given by equation (1) leads to the result 

M, -3g :, f ^ x St)*(r u • Sj) (r (J )- 5 , 

'• J (5) 

where the sum is over both / and j (i ^ j). 

Thus, formally, the spin-spin relaxation 
time is given by 

UT 2 = X t-' f dt(MAt),Mz) (6) 

J 0 

where M z is given by equation (5) and Xt by 

Xr=(M z ,M z ). (7) 

Equation (6) is a general expression for the 
relaxation time which is valid at arbitrary 
temperatures above T r . To evaluate T 2 near 
T r we will use approximation methods de¬ 
veloped for the calculation of the spin diffu¬ 
sion constant in the critical region [9, 10]. We 
begin by expanding the spin operators in a 
Fourier series 

5 “' = ^ 2 r r ' Sa(q) ’ (8) 

where a = x % y, or z, N is the number of spins, 
and the sum is over the Brillouin zone. The 
dipolar interaction is likewise expanded in 
terms of the dipolar sums l/ a0 (q): 

(3(r,j) a (r (J )« —8 a8 (r,j) 2 )(r (j )-5=i- V 

TV ^ «* 

X^'-C/^q); (9) 
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the equation for M z is then rewritten in terms 
of 5„(q) and f/„a(q). It is apparent from equa¬ 
tion (5) that (M z {t),M z ) is a four-spin relaxa¬ 
tion function. We replace this function by its 
value obtained in the Random Phase Approxi¬ 
mation (RPA), i.e. 

(5 a (qi> t)5fl(qj,f)»^ t(Pi)^*(Pi)) upa 

+ 8 a g8eySq lPl 8q J p,]x(5(qi, t)S(qi)) • (S(q 2 »f)> 
5(q,)) (10) 


postulate cubic symmetry in which case 

U ag (q) = Z ^ a 2 a+ T^’ (H) 

) '< 

where v is the volume'per spin. As discussed 
in Ref. [11] equation (14) is valid for 10 IR < 
q <3 1/a, where R is the sample size and a is 
the lattice parameter. Introducing equations 
(12), (13) and (14) into equation (11) leads to 
the result 


, /r _ TfXrcXrgV 
' 2 2Dv£h*N ’ 


( 15 ) 


where we have made use of the fact that 
(S*(q, /),S a (q)) is independent of a above T^ 
In the RPA l/T 2 is written 

1 IT, = K Wr’xr- 1 ~F< 1 J (l/«(q) 

-^v(q )) 2 + 4 ^ J/ (q)*+t/ Xi (q)* 

+ ^ w (q) 2 ] f K df(S(q,t),S(q)) 2 . ( 11 ) 
J 0 

To evaluate the integral we take (S(q,r), 
5(q)) to be of the form 

*V(S(q./).S(q))=f£^. 02) 


where we have set A = 1 and have neglected 
the higher terms in the expansion of T, in 
powers of (q£) 2 , an approximation which is 
valid since the integrand falls off as {q£)~* 
for > 1. 

Equation (15) is the principal result of the 
section. Its significance will be discussed in 
Section 3. 

3. DISCUSSION 

According to our current understanding of 
second order phase transitions in systems with 
Heisenberg exchange interactions we have 
(approximately) [7]. 

xr-e. 


where £ is the correlation length and T is a 
function of q and £ which for cubic systems 
is given by 

r q = Dq z { \ +A (q£) 2 + • • •)> 03) 

where D is the spin diffusion constant and A 
is on the order of unity. In taking this form for 
r\ we neglect the contribution of the dipolar 
coupling for finite q. This approximation should 
be sufficient for the purpose of obtaining an 
estimate of J 2 . 

The behavior of the functions U^iq) has 
been discussed by Cohen and Keffer[ll], In 
order to simplify the calculation we will again 


D ~ r ,/2 - 

As a consequence 1 (T t is predicted to diverge 
as x r 3/4 near T c . In order to obtain an estimate 
of the magnitude of T 2 we need to calculate 
f and D. For the former we make use of the 
approximate expression (static RPA). 

e = Hm 2(xrlg 2 ^) (J (0) -J (q)WN, (16) 

0 

which has been shown to yield nearly the 
correct correlation length in antiferromagnets 
near the Neel point when \ T is replaced by the 
staggered susceptibility [12]. 

For cubic lattices with nearest neighbor 
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interactions (16) reduces to 

f*-2(xr(17) 

where a is the lattice parameter. It is conven¬ 
ient to rewrite f* in terms of the dimensionless 
parameter 

1^3KT e xrlgWS(S+l)N, (18) 

and then use an approximate version of the 
Rushbrooke-Wood equation to relate J to 

7VII3): 

KT f - Z (19) 

where Z is the number of nearest neighbors. 

With the help of (18) and (19) we can re¬ 
write (17) to read 

( 20 ) 

Comparison between experiment and theory 
has indicated that the self-consistent model of 
Bennett and Martin[9] and Kawasaki[10] pro¬ 
vides a rather accurate (within a factor of two) 
estimate of the spin diffusion constant near 
7V[14]. In our notation their formalism leads 
to the result 

D~o*i5Z 3/4 yrus(s+i)] ,/2 

( 21 ) 

where we have made use of equations (18) 
and (20). 

With the help of equations (20) and (21) we 
can rewrite 1/7, in the form 

It should be noted that the expression for 7 : 
given above is similar to the relaxation time 


obtained at high temperature in the exchange 
narrowing limit [6] except that it is enhanced 
by a dimensionless factor proportional to 
A 3 ' 4 . This enhancement reflects both the in¬ 
crease in range of the static correlations and 
the thermodynamic slowing down of the 
spin fluctuations. 

As we have noted for sufficiently small 
wave vectors the dipolar mechanism will 
dominate the decay of the spin fluctuations. 
Since the diffusive behavior is restricted to the 
region q f -1 spin diffusion will be unim¬ 
portant for values of A which exceed a char¬ 
acteristic A* obtained by equating to 

ft/TV We find 

<23) 

As an example we consider EuO for which 
J = 11 x 10- 16 ergs 15 a = 51 A, g = 2, Z = 12 
and v = a 3 / 4. We have 

A* — 26, (EuO) 

which indicates that the decay of the long 
wavelength fluctuations (q < f is dominated 
by dipolar processes for temperatures such 
that the correlation length is greater than 10 A. 
On the other hand for iron J=1*4X10“ 14 
ergs 14 , Z — 8, a = 2*9 A, g =* 2*15 and v = 
a 3 12 from which we obtain 

A* - 700, (Fe) 

indicating a much weaker effect. 

The principal conclusion of this paper is 
that dipolar interactions can have a very pro¬ 
nounced effect on the decay of the long wave¬ 
length spin fluctuations near the Curie point. 
Because of this considerable care must be 
exercised in the interpretation of neutron 
scattering data in this region, particularly for 
systems where A* ^ 10 2 . 

With regard to the approximations intro¬ 
duced in the calculation we make the following 
comments. First, although we can not make a 
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precise estimate of the errors associated with 
the RPA we have reason to believe that they 
will not significantly affect our results. Calcu¬ 
lations embodying basically the same approxi¬ 
mations have led to estimates of the decay 
rates of the fluctuations in the staggered 
magnetization in antiferromagnets which are 
in agreement with experiment to better than 
a factor of two [16,17]. Second we must 
emphasize that our calculation is not appropri¬ 
ate for temperature such that A > A*. In this 
region one must handle the dipolar and ex¬ 
change interactions on an equal footing and 
include the contribution of the former to the 
decay of (S(q, f), S(q)) in equation (11). Third, 
although calculations have been carried out 
for cubic systems the xr 3/4 divergence in \IT 2 
is a result which is independent of the lattice 
symmetry as long as the exchange interaction 
is isotropic and crystal field terms can be 
neglected. 

Our final point concerns the effects of 
dipolar interactions in Heisenberg anti¬ 
ferromagnets. An analysis similar to that out¬ 
lined here indicates that their contribution 
to the decay of the fluctuations in the total 
magnetization may be much smaller than in 
ferromagnets. The reason for this difference 
appears in equation (11). In evaluating the 
sum over q near the Neel point it is necessary 
to examine the contributions from q * 0 and 
q * K 0 , where K* is the reciprocal lattice 
vector in the ordered state. Near T y the uni¬ 
form field susceptibility is slowly varying 
while the diffusion constant is predicted to 
diverge as £ 1/2 [7]. Consequently the contribu¬ 
tion from the small q region goes to zero at 
Tv. The magnitude of the contributions from 
q * Ko is more difficult to estimate. For 
simple and body centered cubic lattices the 
functions C/„(q)- U m (q), C/, y (q), U„{ q). 


and Ujin) vanish for q = Ko(l 1], Because of 
this the summation is not dominated by the 
contributions from the critical fluctuations and 
hence 1/T, is predicted to be non-divergent 
near T N . For lattices where these functions are 
not zero 1/T, is predicted to diverge as 
as the Neel point is approached from above. 
The f*' 2 divergence is similar to the behavior 
predicted for the EPR linewidth in the small 
field limit [7]. 
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Abstract-Impact ionization in p-lnSb is shown to be initiated by injected electrons. At sufficiently 
high average electric field strengths. ? 1 kV/cm, impact ionization begins next to the cathode. An 
impact ionization wavefront forms there and propagates along the sample with a velocity t>, 4 ** 3*2 X 10 s 
cm/sec at 77 K. At moderate field strengths an impact ionization wavefront is initiated at some plane 
between the cathode and anode. Before its initiation in such a case, injected electrons exclusively 
propagate in a well defined front at 10 7 cm/sec, then when the field ahead of the injected front reaches 
- 490 V/cm. impact ionization is initiated and the impact ionization wavefront propagates to the anode 
with v u . After the impact ionization wavefront reaches the anode, carrier density grows exponentially 
to a steady-state magnitude. The growth rate dependence on field strength is best expressed by 
g(E) « exp (0*8 x lO'VE 2 ). Thus the energy dependence of the electrons during impact ionization in 


/MnSb at 77 K appears to be Maxwellian. 

1. INTRODUCTION 

Impact ionization in p-InSb is initiated by an 
entirely different mechanism than impact 
ionization in n-InSb. Carrier multiplication 
in p-type is initiated by injected electrons 
engaging in ionizing collisions[1]. The result¬ 
ing impact ionization wavefront propagates 
along the sample length leaving in its wake a 
high density electron-hole plasma. In n-type 
the thermal equilibrium electrons initiate 
impact ionization when they are sufficiently 
accelerated. 

Since the injection of nonequilibrium elec¬ 
trons plays such an important role in the 
impact ionization process in p-InSb, injection 
is briefly reviewed first. Then the physical 
mechanism responsible for ionization in p- 
InSb is described and experimental verifica¬ 
tion presented. Finally, the first estimates of 
the impact ionization generation rate in p-InSb 
are given. 

L INJECTION PRECEDING IMPACT IONIZATION 

Electric field strengths from a few V/cm to 
~ 500 V/cm in p-InSb produce copious in- 
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jection of approximately equal densities of 
electrons and holes 12,3]. The subject of 
dynamic and steady-state injection of elec¬ 
trons and holes in p-InSfc is treated in detail 
in a recent paper[4]. It is shown that excess 
electrons are injected at the cathode and 
propagate to the anode behind a well-defined 
leading edge, or front, with an ambipolar 
velocity that depends on field intensity. After 
the front reaches the anode, the excess carrier 
density grows exponentially with time to the 
nonequilibrium steady-state. The agreement 
between theory [4-6] and experiment[4,6] 
is good. 

In the present work, injection properties 
are studied at high field strengths, namely 
just below the threshold for impact ionization 
in p-InSb. E lip , a threshold that is considerably 
higher than in n-lnSb, E iip > E m < as will be 
shown. This study necessarily involves 
measuring conduction characteristics on 
shorter time scales than used previously [4], 
since the characteristic times associated with 
injection decrease with increasing field 
intensities. 

An example of excess carrier conductivity, 
or ex , and electric field strength, both as func¬ 
tions of time and of distance along the 
current axis of the sample, x, are shown in 

51 
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Fig. 1 for a moderate applied voltage * The 
measurement technique has been described 
(7J. This method has a resolution of - lO^m 
in space and — 1 nsec in time, and the absolute 
conductivity and electric field strength 
measurements are accurate to within - 15 
per cent. The current. /, and field strength 
averaged over the sample length, E, for the 
same applied voltage as used to obtain the 
data of Fig. 1 are displayed in Fig. 2 as func¬ 
tions of time. For t 35 nsec, E is constant 
to within ±6 per cent, but decreases as / 
begins to increase significantly. It is necessary 
to allow E to decrease in order to prevent the 
sample from conducting a destructively high 
current. 



Fig. 1 . Excess carrier conductivity (left hand ordinate) 
and field strength (right hand ordinate) in p-lnSb as func- 
lions of distance between cathode and anode and as a 
function of time, fora moderate average field of 170 V/cm 
By 12 nsec a considerable nonuniformity in E has 
developed and this nonuniformity is even more pro¬ 
nounced by 32 nsec. 

The observed properties of <r rJ (jc, f) and 
E(x* t) in Fig. 1. along with those of E(t) in 
Fig, 2, i ^ 90 nsec, yield the following in¬ 
formation: 


*Data for samples cot from three single crystals appear 
in this paper. The crystals are identified in each figure 
and the thermal equilibrium properties of each crystal 
are included in the figures. 



Fig. 2. Current and average field strength as functions of 
time corresponding to the conductivity data of Fig. 1. 


1. A front of injected carriers propagates 
from cathode to anode in 32 nsec under the 
influence of a field E = 170 V/cm. 

2. The propagating front results in a spatially 
nonuniform increase in injected carrier 
density, both before and after the front arrives 
at the anode in a time t c = 32 nsec. 

3. The arrival of the conductivity front at the 
anode, as determined by laborious spatial 
measurements, Fig. 1, coincides with f r , simply 
obtained from /(f) in Fig. 2. 

4. An average velocity for the front is 
defined by the total sample length divided by 
t r \ it is 5-6 x 10 6 cm/sec in this example. 

5. Within the sample, E(x) decreases behind 
the front and increases ahead of it, as £fr) for 
12 nsec (constant voltage conditions) and 32 
nsec (non-constant voltage) in Fig. 1 illustrate. 

These results are in agreement with those 
obtained at lowered applied voltages [4], 

This example of excess conduction resulting 
from injection leads to the following model 
of impact ionization in p-InSb. 

3. THE ORIGIN OF IMPACT IONIZATION IN p-InSb 

Impact ionization in p-InSb at 77 K is 
accompanied by a very non uniform E(jc) 
distribution. A low field region has been 
observed [8, 9] to propagate a 5 mm length 
between cathode and anode in typically 3 
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Fig. 1 for a moderate applied voltage * The 
measurement technique has been described 
[7], This method has a resolution of - 10 fim 
in space and - 1 nsec in time, and the absolute 
conductivity and electric field strength 
measurements are accurate to within - 15 
per cent. The current, /, and field strength 
averaged over the sample length, E, for the 
same applied voltage as used to obtain the 
data of Fig. 1 are displayed in Fig. 2 as func¬ 
tions of time. For t ^ 35 nsec, £ is constant 
to within ±6 per cent, but decreases as / 
begins to increase significantly. It is necessary 
to allow £ to decrease in order to prevent the 
sample from conducting a destructively high 
current. 
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h'lg. I. Excess carrier conductivity (left hand ordinate) 
and field strength (right hand ordinate) in p InSb as func¬ 
tions of distance between cathode and anode and as a 
function of time, for a moderate average field of 170 V/cm 
By 12 nscc a considerable nonuniformity in E has 
developed und this nonuniformity is even more pro¬ 
nounced by 32 nscc 

The observed properties of ir es (x, t ) and 
£(jc, t) in Fig. 1. along with those of £(/) in 
Fig. 2, / ** 90 nsec, yield the following in¬ 
formation: 

*Data for samples cut from three single crystals appear 
in this paper The crystals are identified in each figure 
and the thermal equilibrium properties of each crystal 
are included in the figures. 
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big. 2. Current and average field strength as functions of 

time corresponding to the conductivity data of Fig. 1. 

1. A front of injected carriers propagates 
from cathode to anode in 32 nsec under the 
influence of a field E = 170 V/cm. 

2. The propagating front results in a spatially 
nonuniform increase in injected carrier 
density, both before and after the front arrives 
at the anode in a time t r = 32 nsec. 

3. The arrival of the conductivity front at the 
anode, as determined by laborious spatial 
measurements. Fig. 1, coincides with t c , simply 
obtained from /(/) in Fig. 2. 

4. An average velocity for the front is 
defined by the total sample length divided by 
/,; it is 5*6 x 10° cm/sec in this example. 

5. Within the sample, E(jc) decreases behind 
the front and increases ahead of it. as E(x) for 
12 nsec (constant voltage conditions) and 32 
nsec (non-constant voltage) in Fig. 1 illustrate. 

These results are in agreement with those 
obtained at lowered applied voltages[4]. 

T his example of excess conduction resulting 
from injection leads to the following model 
of impact ionization in p-lnSb. 

3, THE ORIGIN OF IMPACT IONIZATION IN p-InSb 

Impact ionization in p-InSb at 77 K is 
accompanied by a very nonuniform £(;t) 
distribution. A low field region has been 
observed[8,9] to propagate a 5 mm length 
between cathode and anode in typically 3 
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nsec when very high average fields, s* 700 
V/cm, are applied. In rt~InSb, fields in excess 
of Eun 250 V/cm impact ionize in a 
much shorter time, <0*5 nsec[9]. Further¬ 
more, the time required for the establishment 
of a steady-state condition of impact ioniza¬ 
tion depends on the sample length in p-InSb, 
but is independent of length in n-InSb[9]. It 
is proposed, therefore, that neither the equi¬ 
librium electrons nor holes initiate impact 
ionization, presumably because the former 
are too few (~ 10 5 cm~ 3 )* to start an avalanche 
and the latter are too massive (m*/m* ~ 30)t 
to acquire the requisite energy for ionizing 
collisions in such short times at the applied 
fields (< 2500 V/cm). Rather, injected elec¬ 
trons are required to initiate the observed 
impact ionization in p-InSb. As will be shown 
in the next section, the following model 
accounts for the observed conduction charac¬ 
teristics associated with impact ionization 
in p-InSb. 

When electrons are injected by fields greatly 
exceeding E iw < e.g. £=1200 V/cm, they 
initiate an avalanche process once they 
penetrate the sample a short distance, too 
short to measure with existing techniques but 
probably ~ 10 /xm, the best estimate of the 
mean free path for impact ionization in InSb 
[13]. (If the average drift velocity of electrons 
is — 10 8 cm/sec in fields large enough to 
cause impact ionizationf 14], they drift ~ 10 
pm in a time of the same order as their mean 
free time, ~ 10~ n sec,) After the injected 
electrons produce impact ionization in a thin 
layer at the cathode, the field there drops and 
increases elsewhere in the sample because 
the source impedance is much less than the 
sample impedance. This is true even when 
E(t) is not constant (compare the 32 nsec 
curve in Fig. 1). The newly produced electrons 
at the front of this thin layer then acquire 


‘Calculated from n^pQ <■* 10 1 * cm 6 and p n ** 10 14 
cm 3 . The value of n? comes from an extrapolation of 
calculations previously reported! 10J. 

tThe hole effective mass is 0-45 m e 11IJ and the electron 
effect!ve mass is 0 015 m, [12]. 


drift velocities even greater than the injected 
electrons had (although the enhancement may 
not be very large because of the hot electron 
effect [14]) and cause impact ionization in an 
adjacent layer of the saxpple. Thus an impact 
ionization front, initiated adjacent to the 
cathode, propagates along the length of the 
sample to the anode. 

If the applied voltage results in fields less 
then 1200 V/cm, the injected electrons will 
penetrate more than a mean free path for 
impact ionization into the sample before an 
impact ionization wavefront is initiated. If 
the applied voltage establishes an average 
field of less than 300 V/cm, a wavefront 
composed of injected electrons only will 
traverse the sample. 

This proposed model for impact ionization 
in p-lnSb is expected to pertain to any p-type 
semiconductor in which the hole/electron 
mass ratio is large and the thermal equilibrium 
electron density is small. The next section 
presents experimental verification of this 
model. 

4. EXPERIMENTAL VERIFICATION OF THE 
IMPACT IONIZATION WAVEFRONT 

Measurements of conductivity and field 
strength as functions of distance, and measure¬ 
ments of field strength and current as functions 
of time, coupled with measurements of the 
injection and impact ionization wavefront 
velocities are discussed below and compared 
with the model for impact ionization in p-InSb 
that was proposed in the preceding section. 

4.1 Conductivity measurements 

By adjusting the magnitude of the voltage 
applied to p-lnSb it is possible to create 
excess carrier conduction in one of three 
characteristic modes: 

1. Injection only as discussed in Section 2, 
Everywhere within the sample during this 
modeEOt) < E iip . 

2. ‘Mixed’ conduction, This mode occurs 
at intermediate applied voltages that produce 



2154 


C. L. DICK, Jr. and B. ANCKER-JOHNSON 


injection only until E(x) ahead of the injected 
plasma front rises sufficiently to allow the 
electrons at the leading edge to produce 
impact ionization. 

3. Impact ionization immediately following 
injection of electrons a very short distance 
into the sample. In this mode E(x) > E [iu 
during the entire pulse duration. 

Figure 3 shows ov <r U) parametric in time for 
the three different modes of conduction 
described. Figure 3(a) includes some of the 



(,-) 0.4 0 8 12 16 <+> 


Distance (mm) 

Fig. 3. Excess carrier conductivity as a function of 
distance for; (a) An applied voltage small enough to 
produce injection only. (These curves are from the same 
set of measurements as those in Fig. 2.) (h) An applied 
voltage magnitude that produces conduction caused by 
both injected carriers and carriers resulting from impact 
ionimion. (c) An applied voltage so high that the con¬ 
duction is predominantly the result of impact ionizatjon. 


same data as Fig. 2 but contains more detail 
at early times. 

In Fig. 3(a) E(x) is everywhere less than 
E iip% hence injection only is seen. The result¬ 
ing (T PX profile is shown for 2 ^ r ^ 12 nsec 
after the application of power, for a time (35 
nsec) shortly after the front arrives at the 
anode (t r = 32 nsec), and for a time during 
the exponential growth of carrier density 
(50 nsec). The depletion layer, previously 
reported [4], is seen at the earliest times. 

Figure 3(b) shows injection only for 6 nsec, 
followed by impact ionization after the in¬ 
jected front has propagated 0-9 mm from the 
cathode toward the anode (compare the 6 and 
8 nsec curves). Impact ionization begins in 
this case when the field ahead of the front 
has increased to 490 V/cm, as shown by 
Figs. 4 and 5(a) for 6 ^ ^ 8 nsec. Figure 

5(a) shows E(x), corresponding to the applied 
voltage conditions of Fig. 3(b). for two times; 
just before the impact ionization wavefront 
is launched (6 nsec) and just after (8 nsec). 

Once the ionization front is formed, it 
travels so fast through the remainder of the 
sample that, with advancing time, a uniformly 



Fig, 4. Electric field intensity as a function of time for 
both E. averaged over the sample length, and two 
specific E’U). one near the cathode. E Kr and the other 
near the anode. These data are associated with the 
conductivity data of Fig. 3(b). 
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Fig. 5. Electric field strength as a function of distance for 
two different applied voltages: (a) corresponding to the 
conditions of Fig. 3(b); and (b) corresponding to the 
conditions of Fig. 3(c). 

distributed, growing conductivity is observed 
in the anode half of the sample. Fig. 3(b). 
Figures 4 and 6 show more information about 
this mixed mode of conduction; the third 
mode. Fig. 3(c), is discussed after Figs. 4 
and 6 are explained. 

Figure 4 demonstrates that, during the in¬ 
jection front transit time, the field behind 
the front and near the cathode, E xc , decreases 
and the field ahead of the front, near the anode, 
E XA , increases. After the impact ionization 
front is launched, for this particular case at 
7 nsec, the field near the cathode levels off, 
whereas the field near the anode continues 
to increase as it did during the injection phase 
of conduction. In both cases, the increase is 
caused by the nonuniform filling of the 
sample with excess carriers. 

It is even possible for impact ionization to 
be initiated long after an injected front has 
passed completely through the sample. Indeed, 
even after the apparent establishment of a 



Fig. 6. (a) Electric field strength and (b) current, as func¬ 
tions of time for a case of conduction involving injection, 
then impact ionization, and finally in the nonequiiibrium 
steady-state injection only. Sample length is 1 -0 mm. 

nonequilibrium steady-state, the initiation 
of impact ionization can occur, as illustrated 
by the lowest current curve and associated 
field intensity curve in Fig. 6. This phenom¬ 
enon is a result of the nonuniform distribution 
of field strength. As previously shown[4] for 
relatively long samples, e.g. 1 cm, large fields 
exist adjacent to the anode due to a non- 
uniform distribution of the excess carriers. 
This nonuniform distribution is also exhibited 
by the — 2 mm sample in the moderate field 
case of Fig. 1. In this latter case, the E(x) at 
later times, approaching steady-state (not 
shown in Fig. 1), are still higher adjacent to 
the anode than shown in the figures, while in 
the central 80 per cent of the sample the field 
is quite low and essentially uniform [4,7]. 
These high fields near the anode are respon- 


JK3V«L32.Na9-J 
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sible, it is argued below, for the results in 
Fig. 6, 

The curves of E{t) and /(/) for the lowest 
applied voltage in Fig. 6 show the following 
properties: An initial E * 260 V/cm decreases 
at - 10 nsec to 250 V/cm. This happens when 
the injected front reaches the anode, as is 
apparent from the sharp increase in / com¬ 
mencing also at —10 nsec. The injected 
density thereafter grows exponentially, a 
characteristic previous! y observed [ 4-6], 
until i ■«* 150 nsec. Beyond this time, until 
800 nsec, there is little change in / because 
rr fJ U) is increasing very slowly. At - 800 
nsec, the excess carriers are distributed such 
that the field adjacent to the anode is large 
enough to initiate impact ionization in this 
narrow region of the sample. Since there is 
then a large quantity of excess carriers ad¬ 
jacent to the anode, whereas at t < 800 nsec 
this was the region of least density, the current 
can increase rapidly until a new, much more 
uniform, distribution of excess carriers is 
attained. Upon establishment of the new 
distribution, it is probable that E{x) every¬ 
where drops below that value necessary to 
sustain impact ionization, and hence, injection 
only is needed to maintain the nonequilibrium 
steady-state conduction. A slight increase in 
the applied voltage, as the other two sets of 
curves in Fig. 6 show, results in the critical 
field for impact ionization in the high field 
region adjacent to the anode being reached 
earlier in time. Further increases in applied 
voltage result in the initiation of impact ioniza¬ 
tion before the injected front reaches the 
anode, as is discussed above and illustrated 
in Fig. 3(b). 

The third characteristic process by which 
impact ionization occurs in />-InSb is demon- 
(rated by Fig. 3(c). When the applied voltage 
is high, so that, for example. £=710 V/cm. 
very little it\jection has time to occur before 
an impact ionization front is initiated. In 
the example of Fig. 3(c), enough injection has 
occurred, by little more than 1*0 nsec after 
the onset of the applied power pulse, to trigger 


impact ionization at the leading edge (x = 0-45 
mm) of the injection front where E(x) is 
740 V/cm, Fig. 5(b). Figure 5(b) shows E(x) 
corresponding to the applied voltage condition 
of Fig. 3(c) for two times, just before the 
impact ionization wavefront is launched (1 
nsec) and shortly after (1*5 nsec). Once the 
injected electrons begin suffering ionizing 
collisions, there are many electrons available 
for more ionizing collisions because the 
generation rate is so high (see Section 5 
below). The electrons just produced by the 
ionizing collisions are quickly accelerated to 
ionization energies because of their very low 
inertia, and so impact ionization is produced 
in a layer adjacent to the injected front. This 
process continues, so forming an impact 
ionization wavefront that propagates the 
remaining length of the sample. 

From the data of Figs. 3(b) and (c), and 4 
and 5, it is apparent that the threshold fields, 
E iiu . necessary to initiate impact ionization 
in p-InSb and the requisite times are quite 
different from the threshold field in rt-lnSb, 
E Wn ** 250 V/cm, and the formation time, 
< 0-5 nsec. In p-type for the examples given 
here, a field of 710 to 740 V/cm exists for 
— 1 nsec before impact ionization is evident, 
and with a lower applied voltage a field of 
420 to 490 V/cm persists for — 7 nsec without 
producing impact ionization. 

The lowest measured value of E iip is 490 
V/cm, Figs. 4 and 5(a). It is possible that 
impact ionization in p-InSb is produced at a 
somewhat lower field strength, but even at 
long times, e.g. psec, slightly in excess of 
400 V/cm are required [2, 3], 

The fact that E, ip > E iin is a result of excess 
electrons being responsible for the initiation 
of impact ionization in p-lnSb. There must 
be a combination of the presence of enough 
excess electrons to saturate the electron traps 
(this is discussed in Section 5 below), enough 
time for the trap saturation to take place, and 
enough field available to compensate for 
losses to the traps. Furthermore, E iip is not a 
constant of the materials as is E iin ; the latter 
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’ depends only on energy band structure since 
an adequate supply of carriers capable of 
producing ionization is readily available. This 
non- constancy of Eu P is traceable to the fact 
» that conditions at the initiation of impact 
ionization differ widely in p-InSb, in contrast 
- to the conditions in n-InSb. The differing 
J conditions are the results of injection and the 
„ attendant distributions in space and time of 
the excess electrons and. therefore, in 
E(x, /). Since the probability of an ionizing 
| collision occurring depends not only on the 
S' magnitude of E , but also on the density of 
' accelerated carriers, E iip varies with injection 
conditions. 

4.2 Wavefront velocity measurements 
For the three conduction cases of Fig. 3 
the values of the front transit times. f r , deter¬ 
mined from /(/) as illustrated in Fig. 2, agree 
very well with front arrival times obtained 
from o>/) data. This agreement was also 
found at lower applied voltages [4, 6]. 

Average front-velocity curves are shown in 
Figs. 7 and 8. These are generated by divid¬ 
ing the sample length by the observed t r . The 
three modes of conduction shown in Fig. 3 
can be seen also in Figs. 7 and 8. The velocity 
curves exhibit two saturation levels, most 
clearly seen in Fig. 8. dashed curve. The 
lower level at ~ 10 7 cm/sec is the maximum 
ambipolar drift velocity that the injected 
electrons can attain, in agreement with earlier 
experimental work [6. 15]. At higher fields 
than those responsible for ambipolar drift, 
the conduction becomes mixed. Thus, the 
measured velocity is an average of the in- 
jected-front velocity and the velocity of the 
impact-ionization front. Since the latter is 
initiated progressively earlier in time and 
nearer the cathode as the field is increased, 
the average velocity. Figs. 7 and 8, increases 
with E until the ionization starts next to the 
cathode. The higher saturation level, 3-2 x 10* 
cm/sec, corresponds to the impact-ionization 
front-velocity, v u : electrons immediately 
upon injection produce impact ionization 



Fig. 7. Average front velocity as a function of average 
electric field strength, demonstrating that the velocity 
is independent of sample length. 


adjacent to the cathode and this excess con¬ 
ductivity region propagates to the anode. 

A value of v ti may also be obtained from 
conductivity data such as that recorded in 
Fig. 3(c). In this example, during — 0-4 nsec 
an ionization front propagates — 1 *4 mm. in 
good agreement with the 3‘2xlO H cm/sec 
determined from the /(/) characteristics. 
Fig. 8. 

Figure 7 demonstrates that the velocity 
measurements are independent of the sample 
length, hence a genuine transit time is measur¬ 
ed. (The requirements of constant E and the 
maximum available pulse power prevented 
extending all of these curves to the same 
maximum E.) 

The impact-ionization wavefront velocity 
and the maximum injected-front velocity are 
independent of the nature of the contacts. 
Fig. 8. Above 500 V/cm, a given field produces 
the same velocity, whereas when E «£ 500 
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Fig- 8, Front velocity as a function of average electric 
field strength, showing the saturated ambipolar drift 
velocity ( I0 7 cm/sec) and the impact-ioni/ation front 

velocity K)* 1 cm/scc) The effects ot contacts on 

the velocity are also illustrated. 

V/cm in samples of the same boulc but with 
different contacts, a given average front 
velocity corresponds to very different fields. 
These results are as expected from the model: 
The three samples made from boule W478E 
have three different types of current-carrying 
contacts: 12 pj has good injectors. 10 pj has 
moderate ipjectors. 1 Ip has very poor in¬ 
jectors. The resulting i’(£) dependencies 
below 500 V/cm, the field range dominated by 
injection, reflect the dissimilarity in the 
contacts. The ionization front velocity, 
however, is independent of the nature of the 
contacts, as expected, because only a relatively 
small number of iryected electrons is necessary 
for its initiation. 

The velocity of the impact-ionization front 
is independent of the equilibrium hole density. 
p 6 . Fig. 9, over the limited range tested. This 



v (cm/sec) 

Fig 9 Impact-ionization front velocity as a function of 
temperature and equilibrium hole density. 


is as expected since the holes play no role in 
the impact ionization process according to the 
proposed model. Figure 9 also shows that 
v u decreases with decreasing lattice tempera¬ 
ture, T ,, for T, ^9()K. This qualitative 
dependence is to be expected from the well 
known 116] dependence of electron mobility 
on 7V i.e., the electron mobility also decreases 
for T, < 90 K. 

The impact ionization front velocity is 
higher than any electron drift velocity yet 
reported (9x 1() 7 cm/sec) in InSb|I4]. It is 
physically reasonable that the front velocity 
can somewhat exceed an average particle 
velocity; indeed there are many examples in 
physics of a disturbance propagating some¬ 
what taster than the average particle in the 
disturbance. 

The existence of an impact ionization wave- 
front in /?-InSb and its high velocity suggest 
some possible device applications, as has been 
suggested! 17|. One such application is a 
subnanosecond sequential switch. Side probes 
located as desired along the length of a bar of 
/>-InSb may monitor either the potential or 
resistance, whichever is preferred. When the 
plasma front passes the probe location both 
these quantities drastically decrease. Probes 
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displaced by, e.g. I mm, will be activated where /' is defined as / at r = i c « An example 
0*3 nsec apart, thus the impact ionization of a measurement of /' and d//df is illustrated 
wave may be utilized as a fast sequential in Fig. 10. The applied voltage is constant to 
sW j tc h. within 10 per cent during the determination of 

d//dz. The results of the measurement of 
5 . generation rate measurements #(£*) j n one p-InSb sample are shown in Fig. 

The McGroddy-Nathan measurement 11. 
technique[ 18] used to determine g(E) in The generation data are plotted in Fig. 11 in 
/ 7 -lnSb must be modified slightly before it can a form suitable for comparison with the theory 
he applied to measure g(E) in£-InSb because of generation by impact ionization at high E . 
of the existence of electron traps in this At such E it is usual to assume (first by WolfF 
material. Laff and Fan [19] and more recently [21]) a symmetric or Maxwellian energy 
Hollis el cj/. [20] have shown that in p-lnSb distribution function of the electrons. This 
electron trapping times are ~ 10~ 9 sec. The assumption results in essentially all the carriers 
electron traps must be saturated before true gaining the same amount of energy in the same 
generation rates can be determined. In Fig. time period. The general equation is then 
3(c). shortly after t r . the excess carriers fill 

the sample uniformly and exponential growth g(E) = xf,(E) x exp {~C H IE*). (2) 

occurs throughout the sample. Once expon¬ 
ential growth is observed, the electron traps The function /, depends so weakly on E that 
are essentially saturated and an approximate jj j s usually neglected. The constant C^ is 
e(E) measurement can be made using this defined[22, 23] so 
(elation: 



t (nsec) 

Fig. 10. Current (right hand ordinate) and average electric field 
strength (left hand ordinate), as functions of time, illustrating a 
typical giE) measurement in p-lnSb. 
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Fir. 11, Generation rate data plotted for comparison with 
an exp (- C, t (f: 2 ) dependency. 

where €, is the ionization energy, € rt is the 
optica) ponon energy, e the electronic charge 
and k H the mean free path for optical phonon 
collisions. Also assumed in equation (2) is 
an isotropic scattering probability for optical 
phonon collisions and no electron-electron 
collisions. 

The agreement between the functional 
dependence of #(£) in the p -type sample and 
in the two re-type samples of Fig. I i is very 
good. The resulting magnitudes of A* are given 
in Fig. 11, assuming[241 = l L 0 25 
eV and a value(25) of €,,--0 0244 eV. The 
absolute magnitude of r{E) for the p-lnSb 
sample compares well with that of the w-InSb 
samples. Thus, at these high E the assumptions 
of a symmetric energy distribution function 
and isotropic polar-optical scattering appear 
valid. Furthermore, the assumption of no 
recombination during the d//d; measurement 
(0-9 < t < 3-8 nsec) appears to be confirmed, 

6. CONCLUSIONS 

Injected electrons are responsible for the 
initiation of impact ionization in p-lnSb. The 
ionization process occurs along the length of 
a sample at the leading edge of an impact 
ionization wavefront. The wavefront velocity 
is 3*2X10** cm/sec at 77 K. independent of 
thermal equilibrium hole density. The thres- 
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hold field for impact ionization in p-lnSb is 
much higher than the threshold field in zi-InSb 
and depends on the injected electron density 
magnitude and spatial distribution, and on 
time. The impact ionization generation rate in 
p-InSb is 10 s pairs/sec at E ~ 550 V/cm and 
depends on E as given by this expression: 
exp (0-8 x 10 B /£ 2 ). As a result of this work the 
impact ionization process in bulk p-lnSb is 
now well understood. 
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Abstract - The crystal field parameters for non-Kramers ions are usually not very well known. Thulium 
garnets are no exception. We discuss the pros and cons of the parameters reported in the literature. 
Their correctness is tested against the susceptibility measurements. We propose a method to determine 
these crystal field parameters from the susceptibility. A table, to faci ,; tate the use of this method, has 
been computed. From the first moment we conclude that Koningsteins V t0 parameter is correct. 
From the second moment, which gives a bilinear combination of V parameters, we conclude that one 
of the higher order parameters probably has the wrong sign. 


1. INTRODUCTION 

The rare earth ion in Garnets is located at 
the c-site in the structure; space group (V°. 
The ion is surrounded by eight oxygen ions 
located exactly at, but near to the comers of 
a cube. These ions, as well as others further 
away, produce an electric field. This field, 
usually called the crystal field, produces a 
splitting of the Tree’ ground state of the ion 
which results in the quenching of the (2J + 
l)-fold degeneracy of the ground state. For 
low J values of the angular momentum, as is 
the case in the transition metals as well as in 
a few rare earths one can guess these para¬ 
meters, and subsequently adapt them to the 
experimental values of these quantities that 
follow from the eigenvalues and eigen func¬ 
tions of the spin Hamiltonian. If one deals 
with a highly symmetric crystal field and low 
angular momentum, the ratio of these para¬ 
meters is determined by the symmetry of the 
crystal field. Often one has to assume only 
one proportionality factor. In the case of the 
heavy rare earths one is not that fortunate. 
Even if one assumes that the field has pure 
cubic symmetry, which is not even true for 
nearest neighbors only, one deals with an 
undetermined parameter: the ratio between 


the fourth order and the sixth order contribu¬ 
tion to the cubic field. This ratio can be 
expressed in two different ways. One uses for 
the crystalline potential, expressed in operator 
polynomialseither[ 1 J: 

V„ = V 4 {flff 4 *-5 VA + qyW+lWeV 

(la) 

where the quotient q = VJV 4 > or [2] 

+ ( y~ffW + 21 <Vl}- (lb) 

The coefficients V r , and V 4 are related to the 
extension of the orbit of the ion in question. 
The coefficients F( 4), F( 6). are F w and F 60 . 
For these and the Stevens factors see Table 1. 

Using the Hamiltonian from Ref.[2] with 
x = 0-6 Schieber, Lin and Van Vleck[3] 
calculated the susceptibility of the system. 
This value of the parameter x corresponds 
to q = —01541 and leads to a spectrum with 
a singlet ground state followed by two triplet 
excited states at about 100 and 200 cm -1 
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Table L Basic data for Thulium 


J ** 6 

It “ 7/6 



/•» » 3 

A*- « 

A'.-7 560 

f'n * 1 
F„ ~ 3 
Fa - 72 

Fu ” 12 

0 

a = 00)0101 

0* 0-16325 l0- a 
y = 0 5606) 10 s 


above the ground state, a)) other levels lying 
much higher up. Note that the spectrum in 
the tables of Lea, Leask and Wolf is upside 
down since V 4 is actually negative. We 
deduced that Schieber, Lin and Van Vleck 
seem to have used a V 4 of about —215 cm" 1 . 
The sing of the Y 4 A and W is opposite of the 
spin Hamiltonian as tabulated by Hutchings 
(41 on account of the nl4 rotation from local 
to crystal system, but that does not affect the 
energy levels in zero field. 

Little has been done to see how the spectra 
behaves in a magnetic field, even for the 
simplest case where the crystal field is purely 
cubic. The earliest paper, by White and 
Andetin(5], takes q~ 0, which is much too 
restrictive. Schieber, Lin and Van Vleck 
calculate the susceptibility (at zero field) which 
is of questionable use for the Iron garnets, 
since they have a large internal field. 

The most condemning evidence against the 
use of a purely cubic field, attractive as it may 
be for a first orientation, comes from para¬ 
magnetic resonance experiments. They show 
clearly that the ^-factors are anisotropic, 
which cannot result from cubic fields. 

2. CRYSTAL FIELD POTENTIAL 

Although the exact crystal field potential 
for Thulium in T A LG or TIG will be an open 
question for some time, one can make a 
number of reasonable assumptions using 
related garnets and hope that the magnetic 
properties are not too sensitive to the choice 
of these quantities. The most direct piece of 
information comes from spectra on (diluted) 
Thulium garnets. Measurements were done 
by Pearson, Hermann and Buchanan [6] and 
by Koningstem[7], The latter gives the analysis 


of his data in terms of the crystal field para¬ 
meters. His parameters are in the zero field 
Hamiltonian: ^ %&nVn m &n m are: 

n.m 

*/o = 270; V? — 95; F 4 ° = -170; 

tv = -140; V 4 4 = 1020; K 6 « = 30; 

Ve 2 = 115; IV = -<75; 

all in cm' 1 . Thulium was the doping agent in 
the YAIG-host. 

0 2 ^ a; 0 4 = 0; 0 B - 7; (B n m = 0 n K m l 

The fit of the eigenvalues of the spin- 
Hamiltonian based on his parameters with his 
spectra is not too good. Moreover, the cirter- 
ium proposed by Buchanan et ai [9] to 
recognize the group theoretical characteriza¬ 
tion of the lines has not been applied. 

For the sake of comparison, and in order 
to get a general impression about the relative 
positions and degeneracies of the levels, we 
computed the zero field energy levels for 
several sets of parameters. (See Fig. 1.) 

This was done as follows. We took the values 
of V n m from the different papers, multiplied 
them with the Stevens factors and the J = 6 
matrix elements from Hutchings [4] Tables. 
In a later version of the program we generated 
the operator polynomials of Stevens. From 
this we construct the (2J+1) dimensional 
Hamiltonian, which on account of the future 
use with a magnetic field in arbitrary direction, 
is written in complex notation. The eigen¬ 
values and eigenfunctions were calculated 
by Jacobi's method. The functions are at this 
moment not yet needed but stored for com¬ 
putation of the magnetic moment as a function 
of the temperature. 

The general form of the zero field spectrum 
is probably quite different from the Schieber- 
Lin-Van Vleck (a) values. Whether it is of 
the form Koningstein (b) has proposed remains 
to be seen, but the simple fact they have in 
common in the non-magnetic ground state. 
This is directly confirmed by the experi¬ 
mental result: the susceptibility levels off to 
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(a) (b) 

Fig. 1. Level spectrum for zero magnetic field computed 
with: la) the parameters of Schieber, Lin and Van Vleck: 
(b) the parameters of Koningstein. 


a constant value at 7 — 0, compare Fig. 2 
rather than follow a pseudo Curie law. 

We also tried a third level structure using 
some unpublished parameters. The fit was 
quite bad which was not surprising since the 
parameters were held in doubt by their 
originators. The conclusion from these cal¬ 
culations is however that it is unlikely that the 
ground state is degenerate. 

What else can be deduced from the mag¬ 
netization curve, besides the simple fact that 
it always lies below the free spin value? In 
order to find out what the overall splitting is 
one can plot the magnetic moment M vs. 
1/7, for fixed H. At the origin the value is 
equal to the free spin values as shown below. 

If we look upon Curie’s law as a high tem¬ 
perature expansion of the magnetic moment 
for a free spin there is only one term. For a 
spin in a crystal field we have 


(2/+1) (M) = kT ~ In (exp(/3 ^)) 

= i v (~)" ~ 1 M m 
BH 2 «! M " (2) 

where /3 = 1 IkT and M n the nth semi invariant 
[10]. Using the Hamiltonian 

jr = jr 0 +M-h 

we find for the first two terms: 

{d/BH)M l = <M> =0 

(BIB H) M 2 = 0/3 H )«^ 2 > - ( W )*) 

= 2H (M 2 ) = jHJ(J + l). 

0 13 
0 14 
0 13 
0 12 
Oil 
0 10 

K 009 

0 08 
X 

W 0 07 
006 
0 05 
004 
0 03 
0 02 
0 01 

O 20 40 60 80 100 120 140 160 ISO 200 220 

T 

Fig. 2. The susceptibility in c.g.s. units as a function of 
the temperature computed with the parameters of: (a) 
Van Vleck: (b) Koningstein. The measured values 
follow the curve (a) which is no coincidence, since the 
Van Vleck parameters were deducted from the experi¬ 
ment. The temperature is in degrees K. 

We have used — 0, since the 

magnetic tensor is antisymmetric and the 
crystal field is symmetric with respect to the 
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secondary diagonal of the matrix, Also( 0 ) = 
0 since the Stevens operators are traceless. 
The second moment leads to Curie’s law. 

The first term of interest in the above 
expansion is the term in 0 2 , which contains 
the third moment. The only non zero contribu¬ 
tion is the trace of 0 M 2 . Note that although 
and M do not commute, all three arrange¬ 
ments of these two operators lead to the same 
quantum mechanical average. The result is 
that this term will give us a weighted average 
of the diagonal elements and as such, 
determines a linear combination of the 
coefficients f „°. (n ~ 2, 4, 6). However the 
sums 

lJt L (\ {) = Ofor/i = 4, 6 

hence we only deal with This is not sur¬ 
prising since ,/, 2 is proportional to ( 2 °, apart 
from a constant and f 4 ° and / „° are orthogonal 
to both ( .i w and the constant. Consequently 
we have 

*(!/+!) 1 1 

+ !)(!/-1)(2/ + 3>/15. 

This result is obtained assuming that the 
magnetic field was along the z-axis in the local 


coordinate system. The influence of the direc¬ 
tion of the field will be considered later. 

Using this idea we plotted both the numeri¬ 
cal results obtained with the IT s of Koningstein 
and of Van Vleck together with the experi¬ 
mental data from Schieber, Lin and Van 
Vleck. (Fig. 2). The result is quite interesting, 
particularly if we consider Fig. 3, a plot which 
is adapted to the expansion [2]. This enables 
us (ideally) to separate the different terms in 
the expansion. For very high temperatures 
the points seem to follow the Koningstein 
curve. The figure shows at one hand that his 
cylindrical field parameter is quite reasonable. 
At the other hand that the Van Vleck 
Hamiltonian is completely incorrect near the 
origin of the figure. This is no surprise since 
Van Vleck's assumption of a purely cubic 
field is definitely untenable in the light of the 
well known deformation of the cube. This 
deformation is known from the work of Geller 
and Gilleo|ll). Hutchings and Wolf showed, 
for Ytterbium Iron Garnets[12], via extensive 
point charge calculations and comparison 
with experimental data that the crystal field 
is definitely not cubic or nearly cubic. 

For somewhat lower temperatures the data 
points start to shift over to the Van Vleck 
curve. For large values of the inverted tern- 



fig. 3. Susceptibility times temperature vs. inverse temperature. The units are the 
same as in Fig. 2. The horizontal bar gives the value of the Curie constant C for a V = 6 
spin. The intercept of curve (b) is indicated by 5. Its slope is -C/5. This is also the 
approximate slope ot the experimental data. The experimental values are indicated bv + 
Agam curve (a) is Van Vleck parameters, (tr) Koningstein s parameters ^ 
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peratures the susceptibility of the ion is the 
result of the composition of the ground state 
wave function i.e. the linear combination of 
the basis wave functions and it is clear, in 
particular for Fig. 2, that the Koningstein 
parameters do not give the correct wave 
functions. 

Second order coefficient (third moment) 

In this and the next sections we take a more 
detailed view of the high temperature 
expansion. 

First the influence of the angle. If the 
external field is along the 100 direction with 
respect to the crystal, the field makes an angle 
of 45° with the z-axis in each of the six of the 
local coordinate systems. In each system the 
term we considered above will have the form 

2 3P ( H Z J Z cos 0 + H X J X sin 0) 2 

for the sake of convenience we considered 
the field in the zox plane. This gives rise to 
two non zero terms in the trace, one due to 
the diagonal part of and the other due to 
the elements that are two steps removed from 
the main diagonal. The cross terms have trace 
zero. The second set of terms are indicated 
in the second column of Table 2. 

To obtain the direction dependence of the 
second susceptibility coefficient (that is the 
coefficient in fi 1 ) one has to add the six sub¬ 
lattice contributions. In order to do this each 
has to be transformed from its own local 
coordinates to the coordinate system with z- 
axis along the field. This leads to a linear com¬ 
bination of the tabulated values. Each 
coefficient is a product of the strength constant 
B of the crystal field and a trigonometrical 
factor. 

Second let us determine V 2 ° from the 
experiment. From equation (2) we find the 
ratio between the n = 3 and n = 2 coefficients: 

“K 2 %Tr(6W)m(J/) = 
-t(2J-l)(2J + 3) K 2 °0 2 . 

(the factorials cancel against the binomial 


coefficient). Using the slope of the expert 
mental data we find V 2 ° — 300 cm -1 , somewhat 
higher than the parameter of Koningstein. 

Third order coefficient (fourth moment) 

The minimum in the experimental points 
in Fig. 3 is determined by the ratio of the 
second order coefficient to twice the third 
order coefficient, provided the fourth order 
coefficient is not too large yet at that tempera¬ 
ture. This enables us to determine, or may be 
only to estimate, the third order coefficient. 
This coefficient represents a more elaborate 
combination of spin Hamiltonian parameters. 
In order to make use of this information we 
constructed a table of the following averages: 

(WJ) and 

The values are listed in Table 3 for J = 6. 
There are similar ‘selection rules’ as in the 
previous case, which are evident from the 
table. 

The evaluation of the above traces can also 
be accomplished in algebraic fashion. This is 
considered in Appendix A. 

From the table it can be seen that the traces 
which are not zero on account of a selection 
rule, are of the order of 10 6 to 10 13 . This 
gives a certain selectivity but unfortunately 
not very much. We had hoped that certain 
contributions would be dominant so that one 
could obtain an idea about a few coefficients. 


Table 2. Coefficients 
necessaryt to determine 
the second order terms 


X 

SJ,*r, k 

USi'S 

2 

6006 

5854 

4 

0 

-17820 

6 

0 

28046090 


It is only possible, however, to give a certain 
limitation to the coefficients. This is done by 
summing all traces, multiplied by the crystal 
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field parameters V n m and the Stevens factors 
and comparing this with the experimental 
data. The result is between 0*6 and 9*4 x 10 8 
(cm -1 ) 2 depending on whose parameters were 
used. In this calculation the fourth moment 
was used. This quantity is determined by the 
difference between 

<<?» m ^ 2 )“<^n ra ^r)<^ 2 >- 

As before the order in which the operators 
appear is irrelevant since J z is diagonal. This 
is no longer the case for arbitrary field 
directions. 

From Fig. 3 we estimate the following 
series for the susceptibility x‘ 

T X = C{\ -0*148 Jt-f 0*047 * 2 -f...) 
x (JC= (1/T)10- 3 ). 

Using this, and the conversion factor from 
degrees to cm -1 we find for the ratio r between 
the third coefficient and the second coeffi¬ 
cient: r=231cm _1 . To compare this ratio 
with the crystal field parameters calculation 
we used Koningstein’s value for V 2 ° in the 
denominator, which seems to be in accordance 
with the magnetization experiment (Van 
Vleck's parameters would give r = o°). 

The result is 

r - if 2 1 e n eJ (g^jA 

- (G» m G$)(jA^/{B^(GnJ*)} = 

— 41-4 cm -1 . 

Although we obtain the right order of mag¬ 
nitude, ignoring the sign, the result is far from 
satisfactory. We speculate that the sign of the 
V i2 parameter may be wrong, but that is only 
so if V w remains zero, which it may not be. 

Comparing the proposed crystal field para¬ 
meters with the susceptibility measurements 
leads to the following conclusions. The para¬ 
meters of Van Vleck do not give the proper 


high temperature behavior, i.e. absence of the 
dip near the origin of Fig. 3. The parameters of 
Koningstein do give the proper high tempera¬ 
ture behavior, which in turn leads to believe 
that his V 2 ° parameter is about correct, but 
fails to give the correct low temperature 
behavior. Judging from the energy spectrum 
(Fig. 1) this is due to the lack of degenerate 
levels. The reason that Van Vleck’s para* 
meters give such good fit to the low tempera¬ 
ture data is mostly due to the presence of a 
three fold level about 100 cm -1 above the 
ground state. 

In conclusion I would like to stress that 
very accurate susceptibility measurements 
would be valuable for the exploration of 
crystal field parameters, where direct observa- 
on is difficult. 

APPENDIX A 

We want to determine the coefficients B in 

)0?( J ) - 2 < J)- (Al) 

The symbol J stands for y 4 and We take fi — p! = 
fi" ~ 0 to begin with; the other values can be generated 
by step-up and step-down operators. This problem can 
be solved in different manners. 

The simplest way is the direct evaluation, in which the 
coefficients B are solved by comparing the coefficients of 
the polynomials in J K at each side of the equation. This 
process is limited to k" « 6 since the 0”s are not further 
tabulated. 

A somewhat more general method to determine the B 's 
is to use the orthogonality property of the 0"s. This leads 
to 

W(/)*Pc/)*p(/)] = 1 (A2) 

Unfortunately the tf’s are not normalized, hence both 
sides have to be evaluated. The calculation of traces is 
rather tedious. There is some literature available on the 
value of traces, but all proved to be incomplete for our 
purpose. We calculated traces 2J/ for n = 1 to 14, as 
function of J. (Table 4). 

By far the most elegant method is to make use of the 
relation between the 0”s and the Tensor Operators(|T|). 
Using the notation of de Shalit and Talmi[!3] (Ref. 
S-T) we have 

V.M\TSVM') = Mk> 

(A3) 


with (Jl|T k |(/) = {J\W) = Vzf+T. We want to find the 
proportionality factor P(J) between the Stevens opera- 
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Table 4, Sums required to decompose the 
product of the two Stevens operators 

A k ~ ^P k \n(n + I) * m\A k * (2n + l)mP*(m) 

i 

A t « iw 

Aj « (2/i+ I )(2fl + 1 )m/6 
A* - m*/4 

4* » (2n + I) m (3w - U/30 
m* <2m— I)/l2 
/>, - (3w J - J/n -H 7/42 
P, » ! .W - lOrrr + 9m* + 9m — 3 )/90 
(3m 4 - !0m a + J7m*-l5m + 5)/66 
P lf « (105m*- 525m 4 + 1435m 3 

- 2360m 3 + 2073m - 691 )/2730 
P u * (1 2rrC - 84m ;, + 336m 4 - SKOm^ 

+ 1436m* - 1260m -f 420 )/360 


tops and tensor operators 7 


/A, A, Aj\r 

VO 0 0/1 


X, X 2 X a j 

y J j] 


'(Z/ + X 3 +l)! 


c*<|0J,|>. (A8) 


In order to evaluate B in equation (Al) we need to know 
the Clebsch-Gordan coefficient and the Racah coefficient 
on the right hand side of the equation. The first is (note 
that in our case we always deal with even X’s and X 3 = 2: 


r(2A, - 2A, + 4)! (2A, -2A, + 4)! (2A, + 2A a -4) h 1(1 

5 L (2A, + 2A 2 + 5)! J 

_ Ui + ^i + 2)! _ 

‘ (X, — X 2 +2)! (X 2 — X, + 27T(X l + X 2 — 2)1 


The second is a special case of the Racah coefficient 
containing the value 2. These are listed in Edmonds 
(Table 5) we need (c* = c. c — 1. c — 2): 


the factor P depends on the basis chosen. By comparison 
we find 

PU) = {- \) J ~“yft2j + k+ |,|C* (AS) 

with f\ ~ 2,2,4 for A •» 2.4.6, 

Using Ref. .V-7 wc find, from the equation at the top of 
p, 318, after multiplication with 

h t>,«; "J 

and using the orthogonality property (p. 5M) for the 
special case that /,-/* = /, - j and j t =• i * I, 2, 3 in 
conjunction with m { « mj - M< for the same i values, 
the following expression for the coupling of two Clebsch- 
Gordan coefficients 


Vi 4 Mz( ^ 

A, 7 1 

/ J X a 

j \ 

\~M, 

Ml mJ 

\Mt fa 

mJ 

jMi x 3 \ 3 \ 

J J A., 

J )l Xl 

X<2 

\fl. Ata uJ 

\Mi M. 1 

mJ\j 

7 ./] 


If we replace Clebsch-Gordan coefficients by the 
Stevens operators 

(m H m) “ r » <,r A* l l> (A 7 ) 

*?. 2* pre ™“ s expression, then we find, for the case that 
ait Ai s and N s are zero, the following expression: 

(-ns, r^-^)!(Z/-A,)! 

V(27 + A,+ I)! (27+A, -H)! 

c*Ci.<ni><ni>=x ( 2K,+ i)x 


a b cl (2 c' c P 

2 c' J = U b =(-))° +b+c -n 


for a — b (=7). From the table we find 

<2= (2b—\) (2b) (2b+ 1) (26 +2) (26+ 3) 
•(2r'-I)(2c'+l)(2r' + 2)(2c' + 3). 

and for P the three following expressions. 

(1) ifc' = c( — K) 

P= 2c (r + I )[3c (c + I)-4a(a-+ l)j 

( 2 ) ifr' — c— G - A — i) 

(1 -c 2 )c[ 6 ( 2 a + c + l)( 2 a-~c + !)]•« 

( 3 ) if c' = c — 2 (=X — 2 ) 

P~ c\(>tc-\){2a + c+))(2a-c+ 1) (2a-c + 2)] 1/a . 

From this we can deduct the algebraic expressions for 
the coefficients B. 
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ELECTRONIC ENERGY LEVELS IN FERROMAGNETIC 

Eu 3 P 2 AND f Eu 3 As 2 

G. BUSCH, M. CAMPAGNA, F. HULLIGER and H. C. SIEGMANN* 

(Received 14 December 1970) 

Abstract- Electronic energy levels are determined for the ferromagnetic semiconductors Eu 3 P 2 and 
Eu^Asa by means of spin-polarization measurements of photoemitted electrons. The 4/ 7 -levels of the 
Eu 2+ -ion are located near the upper edge of the valence band. The band structure is very similar to 
the one observed in EuS and EuSe and, as in the case of the chaJcogenides, magnetically interacting 
impurity states are detected within the band gap. Significant changes in the spin-polarized levels occur 
on disordering the lattice. 


1. INTRODUCTION 

The classical methods for investigating the 
density of states in solids are often insufficient 
to assign to the observed peaks specific elec¬ 
tronic energy levels. In ferromagnets it is 
important to locate the electronic states which 
make up the magnetic moment due to align¬ 
ment of electron spins at temperatures below 
the Curie point T c . These magnetic levels are 
characterized by a certain degree of electronic 
spin polarization. Since spin polarization is at 
least partly conserved in photoemission [1], 
the magnetic levels can be detected by a 
measurement of the spin polarization of photo- 
emitted electrons. 

The europium pnictides Eu 3 P 2 and Eu 3 As 2 
have recently been synthesized and were 
found to be ferromagnetic semiconductors 
with Curie temperatures of 25 and 18 K, 
respectively [2, 3]. They both crystallize in the 
cubic Ba 3 P 2 -structure in which the cations are 
coordinated by a distorted octahedron of 
anions[3]. The interest in these compounds 
arises from their similarity with the europium 
monochalcogenides EuO, EuS and EuSe. 
These rocksalt-type chalcogenides have been 
extensively studied the last lOyrand unusual 


*Eidgenossische Technische Hochschule Zurich, 
Laboratorium fur Festkorperphysik, CH-8049 Zurich, 
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phenomena have been disclosed. It is hoped 
that from a study of the pnictides, which 
turned out to have a band structure very 
similar with the chalcogenides, new information 
is obtained on the origin of the unique proper¬ 
ties of certain ferromagnetic semiconductors. 

2. EXPERIMENTAL 

There are three parts to the experiment: (i) 
electron emission from the photocathode, (ii) 
extraction of electrons from the magnetic field 
applied at the photocathode to align the Weiss 
domains and formation of an electron beam, 
(iii) the measurement of the electron spin 
polarization (ESP) in the polarization analyzer. 
Details of the apparatus are described in [ 1,4], 
The photocathode is a thin film evaporated in 
situ by electron bombardment of bulk samples 
of Eu 3 P 2 and Eu 3 As 2 . During film preparation 
the pressure in the apparatus was 10~ 8 to 10“ 9 
torr but almost immediately after film deposi¬ 
tion it decreased to —10” 10 torr, at which 
pressure the measurements were carried out. 
Heating of the substrate from 4-2 to -400K 
was employed for changing the structural 
order in the samples. During the measurements 
the substrate was kept at 4-2 K; this is well 
below the Curie point T c for both compounds. 
Additional cryopumping allowed the annealing 
and cooling of the films without any detectable 
amount of surface contamination. 
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3. RESULTS AND DISCUSSION 

Both compounds are efficient photoemitters 
with work function <P around 2-5 eV. The 
number of photoemitted electrons per incident 
photon, the photoelectric yield Y, was = 10~ ! 
at the photon energy hv = 5 eV. Near thres¬ 
hold energy we found 

Y' — hv + <t>. 

<j> was evaluated using this equation. 

The ESP is a vector quantity whose com¬ 
ponents are defined as the expectation values 
of the Pauli matrices: 

?=■ 

In our experiments a magnetic field B sufficient 
to align the Weiss domains is applied in z- 
direction perpendicular to the film surface. 
Therefore, (a. r ) = (o y ) — 0 and |P| == <cr r >. 
The expectation value of the spin direction is 
given by 

N ] -N [ 

{(Tt) = 7\TfT7VT 

where N f and N l are the numbers of elec¬ 
trons with spin parallel and antiparallel to 
the z-direction. 

Figures 1 and 3 show the ESP data for Eu 3 P 2 
and EUsASa films, respectively. To interpret 
the results we make use of the summation rule 
for the degrees of polarization. The total beam 
of photoelectrons with observed ESP P(hv) is 
composed of electron beams emitted from 
states n with intensities l„(hv) and ESP 
P„(hv). Therefore 

2 l n (hviP n (hv) 

P(hv) = -*— -. 

2 i„(hv) 

n 

We have I H (hv) - 0 for hv £ E n \ E„ is the 
energy difference between the level n and the 
vacuum level £»; we define E x = 0. For 
hv > E„, the function I n (hv) increases rapidly 


due to the escape function which accounts for 
the electron losses by migration to the surface 
and escape over the surface barrier potential. 
When an electron level n with P n ^ P n - t is 
admixed, a kink is observed in the otherwise 
smooth P(M-curve. The photon energy at 
which the kink occurs yields E„. 

Eu 3 P 2 

We consider first the results on Eu 3 P 2 -films 
prepared on a substrate at 380 K. Similar 
results were obtained with films evaporated 
on a cold substrate and subsequently annealed. 
This type of film has a comparatively high 
degree of crystallinity and will be denoted by 
EuJMI). 

Magnetization measurements [3] yield the 
number of Bohr magnetons for Eu 2+ and it 
follows that the electrons in the 4/ 7 -shell are 
completely polarized at 4-2 K: P ir = 100 per 
cent. Therefore, the sharp increase of the ESP 
at hv ^ 31 eV in Fig. 1 for Eu 3 P 2 (I) locates 
these states. The sharp decrease which is 
observed at hv ^ 4 -leV must arise from 
electrons in valence-band states formed by 
the anions since these are known to be essen¬ 
tially unpolarized. Near threshold we have 
initially in Eu 3 P 2 (I) an ESP of 15 per cent 
which decreases before the onset of emission 
from the 4/-states. We suggest that the highest 
lying occupied states are impurity states 4hat 
are polarized via exchange interaction with 
the 4/ 7 -states. 

The decrease of ESP for 2-5 S hv S 3 eV 
is attributed to a tail of valence-band states, 
that extends into the band gap. The tail can 
be generated by the special crystal structure 
or by a certain amount of disorder in the 
lattice. However, the decrease of ESP might 
also be due to a second type of impurities 
which experiences no exchange interaction 
with the 4/ 7 -states. 

These results are summarized by an energy- 
level diagram in Fig. 2. It is not appropriate to 
show the 4/ 7 -levels in a band scheme, because 
these levels are known to be highly localized 
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Fig. 1. The dependence of photo-ESP on photon energy hv for ordered 
(1) and disordered (II) films of Eu ; ,P 2 at 6 = 22-8 kG. Arrows indicate 
work functions obtained by plotting K a vs. hv. 

and therefore the one-electron approximation chosen to indicate energy differences between 
breaks down: If one electron is excited out of 4 f 7 and 4 P configurations, and the energy' 
the 8 S 7/2 configuration, the remaining 6 elec- required to excite one of the 4/ 7 -electrons can 
trons form a 7 Fj state which is split into a directly be visualized from Fig. 2. 
multiplet, J = 0,1 ... ,6, because of the spin- The optical absorption edge was reported 
orbit interaction. The energy for the multiplet to be l*2eV[3] and is interpreted by transi- 
splitting is supplied by the photoexcitation tions from 4 f- to the nearest unoccupied 
process. The 4/ 7 -level appears as a peak with states, which are assumed to be conduction 
a minimum linewidth of 0*6 eV. We have band states. With this further assignment 




2176 


G. BUSCH et ai 



Fig. 2. Energy-level diagram for Eu,,Pj from analysis of photo- 
ESP. 'The position of the conduction states was taken from 
optical absorption (3,4). 


the energy-level diagram is consistent with 
the other observations made on films of Eu ;} P 2 
|5]: Electrical-resistivity measurements 

reveal carriers with an activation energy of 
0-6 eV, and the optical absorption shows a 
low-energy peak which is explained by transi¬ 
tions from impurity to conducting states and/ 
or from the tail of the valence band to conduc¬ 
tion band states. The general features of the 
energy-level diagram for the europium 
pnictides and chaicogenides are the same; 
in the pnictides, the magnitude of the gap 
between valence and conduction band is 
smaller, which is expected since the ionicity 
is lower. 

The polarized type of impurity states must 
be located at Eu-atoms in order to experience 
the indirect exchange interaction. If excess 


Eu is present in a monovalent state it acts as 
a donor and we suggest that this is the origin 
of the impurity states. This view is supported 
by an observation of von Molnar[6] that in 
EuO excess Eu also causes impurity levels 
lying 0-5 eV below the conduction band. 

Next consider the results on Eu 3 P 2 (II). 
These films were prepared on a substrate 
at 4*2 K, which means that a certain amount of 
structural disorder is introduced in the lattice. 
The sharp decrease of the ESP occurs with 
these films for hv ^ 3*3 eV and indicates 
that the density of states in the ‘tail’ of the 
valence-band states has increased on disorder¬ 
ing. Furthermore, the 4/ 7 -states are shifted 
to higher energies, since at 3-3 eV the ESP 
is higher for disordered than for ordered films. 

Similar effects on disordering the lattice 
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have been observed in the ferromagnetic for Eu 3 As 2 -fUms prepared on substrates at 
semiconductor EuS [7]. According to present 390 K. The maximum ESP is 20 per cent 
theories [8] the density of states in ordered only and at 5 eV it is smaller by a factor of 3 
and disordered systems is roughly the same, compared to Eu 3 P 2 (I). This indicates that the 
but there exists a ‘tailing’ of the band edges 4/7-states merge to a large extent into the 
into the gap, which explains the first observa- valence-band states. The number of impurity 
tion. Disordering induces a lowering of the states above the ^-levels is significantly 
vacuum level with respect to the atomlike smaller in Eu 3 As 2 since the ESP reaches 
4/ 7 -state also in EuS. Eu 3 P 2 seems to be already a maximum value near the threshold 
particularly suited for studying the effects energy. 

of disordering on ferromagnetism, since the On the right-hand side of Fig. 3 the depen- 



2 3 4 5 eV 0 10 20 30 kG 


Fig. 3. The dependence of photo-ESP on photon energy at B = 22-8 kG (left) and on the magnetic field strength 
at two photon energies (right) for ordered films of Eu 3 As 2 , 

relatively complicated crystal structure dence of ESP on the magnetic field strength 
makes the disordered state quite different is shown for ordered Eu 3 As 2 -films. These 
from the ordered one. dependences show the shape of magnetization 

curves which indicates the presence of ferro- 
Eu 3 As 2 . magnetic ordering in our samples at the tem¬ 

perature of the measurement (Corresponding 
On the left-hand side of Fig. 3 the depen- curves were obtained for Eu 3 P 2 ). The magni- 
dence of the ESP on photon energy is shown tude of the saturation-ESP depends on photon 
for a constant magnetic field of 22-8 kG and energy which follows from the left-hand side 
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of Fig. 3. The saturation field B « 20 kG is 
large because of the large demagnetizing 
field for B perpendicular to the film surface. 

The impurity levels are spin-polarized and 
this is a direct experimental evidence for the 
existence of an exchange interaction with the 
4/-states. Yanase and Kasuya[9] and Nagaev 
[10] have treated the effects of such ‘magnetic 
impurity states’ on the properties of ferro¬ 
magnetic semiconductors. This theory was 
applied for explaining the increase of T r 
observed in doped europium chalcogenides. 
From the postulate of an exchange interaction 
of the carriers with the 4/ : shell one can also 
deduce an anomalous peak of the electrical 
resistivity at 7 r by spin-disorder scattering 
111 * 12 ]. 

In Fig. 4 we show the temperature depen¬ 
dence of the resistivity in arbitrary units for 
a bulk sample of Eu,As 2 . Spot welding of 
platinum contacts obviously introduced a 
large amount of carriers as it lowered the 
resistance of the samples by two or three 
orders of magnitude. At 18 K (this is T v 
for pure material) the resistivity has a sharp 


anomaly whose shape is very similar to the 
one observed by von Molnar and Kasuya 
[13] in EuS doped with Gd, except that in 
EuS the position of the peak depends strongly 
on the carrier concentration. In EuS, the gross 
features of this behavior were found to be 
relatively insensitive to the nature of the 
dopant but very dependent on dopant con¬ 
centration [6J. With Eu 3 As 2 , measurements 
on different samples have shown that the 
position of the peak is independent of carrier 
concentration. This means that there must be 
different conditions for the occurrence of 
critical scattering and for the enhancement of 
T c that have not been recognized so far. It 
should be noted, that the pnictides do not 
show a red shift of the absorption edge on 
cooling below T c that is comparable in 
magnitude with the one observed in the 
chalcogenides [5], We suggest that the 
character of the conducting states is different 
for pnictides and chalcogenides. 

4. CONCLUSIONS 

The measurement of photo-ESP proves to 



Fig. 4. The temperature dependence of the electrical 
resistivity m arbitrary units for a bulk sample of Eu,As 

with spot-wdded platinum contacts. 



ELECTRONIC ENERGY LEVELS 


2179 


be a powerful tool for determining the energy- 
level diagram in ferromagnetic semicon¬ 
ductors. Using this technique, an assignment 
and location of spin-polarized electron states 
is given for the ferromagnetic semiconductors 
Eu 3 P 2 and Eu 3 As 2 . The differences between 
these substances and the europium monochal- 
cogenides do not arise from a difference, that 
can be attributed to a band structure scheme. 
More refined conditions for the occurrence 
of some unusual phenomena must be 
formulated. The final explanation should 
take into account the local surroundings of the 
Eu 2+ , the different crystal fields and the 
altered wave functions of the anions. The 
crystal structure of the pnictides is not 
simple. This leads to drastic effects on the 
electronic energy levels if disorder is intro¬ 
duced in the lattice. 
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Abstract-Thermal expansion measurements of polycrystalline, single crystalline and textured 
specimens Mn.pFe 3 _j.O 4 are reported. The experimental data are interpreted in terms of two cation 
migration processes, namely the cation exchange between the octahedral and tetrahedral sublattices, 
and an octahedral Mtr 1 ^ clustering. The changes in the crystal structure of cubic Mn,. # Fe 1 .,0 4 in the 
temperature range of 250-350°C indicate a shift in the cation distribution of 0*15-0-20 ions per unit 
AB 2 0 4 , which is stabilised by the macroscopic tetragonal distortion of the lattice. The tetragonal 
distortions of the specimens x ~ 1*9 in combination with electrical conductivity measurements on 
2*0 reveals unequivocally that in the spinel structure octahedral Mn u and Fe* + are the stable 


cation valencies at low temperatures. 

1. INTRODUCTION 

In the Mnj.Fe 3 _j.0 4 system two crystal struc¬ 
tures exist at room temperature, namely the 
cubic spinel structure, if the manganese 
content x < 1-9 and the tetragonally deformed 
spinel structure for jc> 1*9[1]. Dunitz et 
ai[2] pointed out that the tetragonal distor¬ 
tion originates from the Jahn-Teller effect of 
the transition metal cations which have an 
orbitally degenerate electronic state. The 
cubic-tetragonal transition in the Mnj.Fe 3 _j.O 4 
system is now supposed to be caused by a 
cooperative phenomenon of orientation of the 
tetragonally distorted Mn 3 + 0 6 2 “ octahedra 
[3,4], so that at a critical concentration of 
octahedral Mn 3+ ions the spinel structure 
becomes tetragonal just at room temperature. 
Robbrecht et al.[S] completed the theory of 
the transition for the case of an ion exchange 
between the sublattices. The critical concen¬ 
tration of octahedral Mn :l+ ions depends also 
on the kind of the other cations which are 
present on the octahedral and tetrahedral 
sublattices, as was experimentally shown by 
Blasse[ 6 ]. Consequently, the valency and 
the distribution of the cations among the 
tetrahedral and octahedral sites will influence 
the cubic-tetragonal transition of the lattice. 


Several authors [7-10] studied the cation 
distribution of manganese ferrites by means 
of neutron or X-ray diffraction, and the 
results show that the manganese ions in these 
materials have a slight preference to be located 
on the tetrahedral sites as Mn 2+ ions. The 
cation distribution in Mnj.Fe 3 _ x 0 4 can be 
represented by the formula 

Mn" Fe " 1 ^ (Mn.Fe 2 .JO 4 . (1) 

The cations inside the brackets occupy octa¬ 
hedral sites, those before the brackets tetra¬ 
hedral sites. As is indicated in formula (l) f 
the tetrahedral Mn ions are bivalent and the 
tetrahedral Fe ions are trivalent. So 1 — x + y 
octahedral ions per unit AB 2 0 4 must be bi¬ 
valent because of the electro-neutrality of the 
system. Between the bivalent and trivalent 
octahedral ions there will be an equilibrium 
according to the equation: 

Mn 2+ + Fe 3+ ^ Mn 3 +-bFe 2+ . (2) 

For a long time disagreement about this equili¬ 
brium has existed in the literature. From the 
fact that the magnetic moment of MnFe^tTi 
appeared to be 4-5—4-6 [7], Harrison et ai 
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[11] concluded that Mn 34 and Fe 2+ ions form 
the stable configuration at low temperatures. 
However, this conclusion is only justifiable 
so far as the Neel coupling scheme with an 
antiparallel arrangement of the magnetisa¬ 
tion of A and B sublattices is valid for MnFe 2 - 
O v Another explanation of the low magnetic 
moment was given by Lotgeringf 12] and 
Sawatzky et al.\ 13] by taking spin canting 
into consideration. In this explanation the 
octahedral Mn i+ and He 34 ions occur simul¬ 
taneously at low temperatures. 

From the semiconducting properties of 
the materials Mn^Fe^O,, no decisive answer 
to the question of the octahedral cations can 
be obtained either, as follows from a compari¬ 
son between Lotgering’s) 14) and Simsa's 
[151 papers. Neither can the NMR detection 
of an Mn u signal in MnbcoQ 4 by Kubo et al. 

1161 be used to decide about the situation of 
the equilibrium, because in a more recent 
paper the authors reported the sample which 
was used in the measurements to have an 
excess of manganese ix — 1-03)117]. In a 
previous article [IK], we concluded from the 
i.r. spectra of the cubic manganese ferrites 
that at low temperatures Mn 2+ and Fe ;n ions 
coexist on the octahedral sites. However, 
kanlurek and $imta|l9] found in their i.r. 
spectra indications of the coexistence of 
octahedral Mn ;n and Fe 2+ ions. Miller|2()] 
used a crystallographic criterion to elucidate 
the valencies of octahedral manganese and 
iron ions in the spinel structure. Previous 
investigations of numerous systems[21] had 
shown that at room temperature, tetragonal 
distortions from cubic symmetry are observed 
in spinels where more than about 60 per cent 
of the B sites are occupied by Mn :,+ ions. 
Miller supposed that this critical value of 
60 per cent also holds for the system Zn,__ 0J .,- 
Gco^Fe r Mn 2 _ / 0 4 . From the combination of 
this critical value with the experimental ob¬ 
servation that the crystal structure is tetragon¬ 
al in the composition range 0 ^ ^ 0 - 8 , 
Miller inferred that Mn 3+ and Fe 2 * ions are 
the stable co-existing valency states on octa¬ 


hedral sites. However, his experimental re¬ 
sults are in disagreement with the results of 
O’Keeffe[22], who found the tetragonal struc¬ 
ture in the range 0 ^ t « 0*5 only. Moreover, 
the assumption that the value of 60 per cent 
for the critical Mn 3+ concentration holds also 
for the system mentioned above is disputable, 
because high valency ions like Ge 4+ may 
change the critical Mn 3+ concentration 
substantially [ 6 ]. 

The aim of the present work is to deter¬ 
mine the valencies of the octahedral cations 
in the Mn^Fe^/X system, using the cubic- 
tetragonal transition in the manganese ferrite 
system itself as a criterion. For a correct 
interpretation of the experiments, an in¬ 
vestigation of the possible cation migration 
processes is also carried out. 


2. EXPERIMENTAL 

Polycryslalline Mn T Fe y x O^ materials were prepared 
with the usual ceramic technique. Mixtures of analytically 
pure a-FcjOj and MnCC), were prefired for 3 hr al 
1100 T in carbon dioxide for compositions x « 10 and 
in air (or compositions x > 10. The products were 
ground and from the powder obtained bars were pressed 
and sintered The compositions x= 0-8, 10 and 1-4 were 
sintered for 3 hr in a mixture of 99% N 2 and 1%- 0 2 at 
temperatures of 1365. 1340 and 1295°C, respectively. 
The specimens .v=J*9. 195, 2-0, 210 and 2*25 were 
sintered for 5 hr in air at temperatures of 1380, 1375, 
1365, 1350 and 1315°C\ respectively. 

All the sintered specimens were cooled to room 
temperature in 45 min in a controlled atmosphere to 
avoid oxidation of the samples. The tetragonal materials 
r 19 were subsequently annealed for 3 hr at 900°C 
under vacuum in sealed silica tubes and quenched to 
room temperature X-ray diffraction proved that in this 
way homogeneous * spinels without any second phase 
were obtained. Chemical analysis showed that the oxygen 
sloiehiometiy of the samples was within 2/10 mol%. . 

C ubic < 100) oriented spinel single crystals (jc =£ 1-90) 
were grown by a floating zone technique[23]. After the 
preparation, the crystals were heat treated for 70 hr to 
improve the oxygen stoichiometry and the mechanical 
properties The annealing conditions were the same as 
the sintering conditions. 

Textured specimens of the tetragonal spinels with 
compositions 1-90 < x *£ 2 25 were prepared in air by a 
zone-melting process of polycrystalline bars; as seed- 
crystals (100) oriented cubic spinel crystals of the 
compositions x = I-9 were used. In the zone-melting 
process a cubic (100) oriented spinel crystal was formed 
from the melt, which transformed into a tetragonal 
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textured specimen on cooling to room temperature. At 
the cubic-tetragonal transition temperature, reorientation 
of the tetragonal c-axis occurred in certain regions of the 
crystal in any of three perpendicular directions. The zone- 
melted specimens were annealed at 900°C for 24 hr in a 
sealed silica tube under vacuum to improve the homo¬ 
geneity and quenched to room temperature. By etching 
at I05°C for 10 hr with a mixture of nitric acid, acetic acid 
and water (volume parts 1:1:3), it turned out that in the 
specimens obtained the oaxis was predominantly 
oriented perpendicularly on the length of the samples [24]. 
It was also possible by annealing at 900°C, followed by a 
slow cooling process, to align the c-axes in the textured 
specimens with compositions 1-9 <x^ 2*10 and to 
obtain large tetragonal single crystals[25]. 

The cation diffusion and the tetragonal-cubic transition 
was studied by combining X-ray diffraction and thermal 
expansion measurements on polycrystalline and textured 
tetragonal specimens (compositions jc= 1*95, 2 *00, 2*10 
and 2*25) and on <100) oriented cubic spinel crystals 
(compositions * = 0-8, 1*0, 1*4 and 1*9). The dimensions 
of the samples were 50 X 2 X 2 mm. The measurements 
were carried out in argon to avoid oxidation. More 
details about the dilatometer have been described 
elsewherel241. 

3. THE CATION EXCHANGE BETWEEN THE 
OCTAHEDRAL AND TETRAHEDRAL 
SUBLATTICES IN THE CUBIC SPINELS 
Mn x .Fe3_ x 04 

Until now, many papers have been devoted 
to the temperature dependence of the ionic 
distribution in spinels. Neel[26] was the first 
to present an expression for ionic distribution 
at equilibrium for the simple case of a binary 
cubic spinel. An extension of the case of 
ternary systems was given by Smart[27]; 
a statistico-thermodynamic approach of this 
problem was made by Men et al\ 28,29]. An 
extended migration law for tetragonal spinels 
was set up by M3nail& for octahedrally dis¬ 
torted spinels by taking the alignment of 
local Jahn-Teller distortions into account [30]. 

Experimental data on the temperature 
dependence of the cation distribution in the 
Mnj.Fe 3 _j.O 4 system are rare. Hastings and 
Corliss [7] did not find any temperature 
dependent cation distribution in quenched 
MnFe 2 0 4 samples. However, Driessens[ 10 ] 
reported a temperature dependence which 
was proved by the difference of the cation 
distribution in samples quenched from various 
temperatures; at lower temperatures, the 
manganese ions showed a preference to be 


located on tetrahedral sites. In a previous 
paper, the author[31] concluded from con¬ 
ductivity measurements that in Mn-Fe spinels 
a reversible cation exchange between octa¬ 
hedral and tetrahedral sites occurs already 
at 300°C which had also been shown by 
Yasuoka et aL[ 32] with NMR measurements. 
Thermal expansion measurements on cubic 
single crystals, which are reported in the 
present article, confirm that this cation 
exchange really occurs. 

By relating the lattice parameter of the cubic 
spinels as a function of the total Mn content 
with the cation distributions reported in the 
literature[l, 10 ], it can be concluded that the 
lattice parameter of these spinels increases 
with the tetrahedral Mn 2 + concentration and 
that a change of the tetrahedral Mn H con¬ 
centration will result in an anomalous thermal 
dilatation. Figure 1 shows that in addition to 
the magnetic anomaly at 290°C, anomalous 
behaviour at 400°C appears in the thermal 
expansion of a single crystal of Mnj, 0 Fe 2 , 0 O 4 . 
Samples quenched from 600 g C show a sudden 
increase in the thermal expansion near 400°C, 
followed by a decrease in the thermal expan¬ 
sion coefficient to nearly half its original value. 
Slowly cooled specimens exhibit only a slowly 



Fig. I. Thermal expansion of single crystalline MnFe*0 4 , 
measured in the (100) direction. 
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diminishing expansion coefficient with rising 
temperature. Further, at temperatures below 
350°C a difference in length of about 0 025 per 
cent between quenched and slowly cooled 
samples is observed which consists with the 
variation of the lattice constant observed 
before by X-ray diffraction on heat treated 
Mn|.,FC|*0« single crysta!s[31]. After 
repeating the annealing and quenching pro¬ 
cedure at 600°C, the same dilatation curves 
were invariably obtained, which proves that 
oxidation of the specimens during the measure¬ 
ments did not affect the results. 

This anomalous behaviour can be inter¬ 
preted in terms of temperature dependent 
cation distribution between the octahedral 
(B) and tetrahedral {A) sublattices: Mn 4 + 
Fe„ v* Mn„ + Below 400°C it is supposed 
that the cation exchange is too slow to achieve 
the equilibrium distribution. By quenching 
from 600°C\ too many manganese ions are 
frozen on octahedral sites. So there is a short¬ 
age of manganese ions on tetrahedral sites, 
which results in a smaller lattice parameter. 
When increasing the temperature, equili¬ 
brium is attained at about 400°C and the 
excess octahedral manganese ions will diffuse 
to tetrahedral sites. Consequently, the thermal 
dilatation of the quenched sample will display 
a sudden increase near this temperature. A 
further increase in the temperature will cause 
manganese ions to diffuse back to octahedral 
sites as a result of the shifting of the equili¬ 
brium distribution, and the thermal expansion 
coefficient diminishes. The observation that 
for slowly cooled specimens only the slope 
of the dilatation curve diminishes gradually 
with increasing temperature round 400°C is 
also in agreement with the assumptions 
regarding the cation exchange between the 
sublattices. 

The anomaly in the linear expansion caused 
by the cation exchange was also detected in 
single crystals x = 0*8 and x= 1-4. Figure 2 
represents the thermal expansion of a crystal 
*“ 1*4, which was slowly cooled from 600°C 
to room temperature. Measurements on x = 



Fig. 2. Thermal expansion of single crystalline Mn,, 4 - 
Fe, measured in the (100) direction. 


0-8 did not reveal clear information on the 
cation exchange, since the Curie temperature 
of this material is very close to the tempera¬ 
ture region where the cation exchange 
becomes noticeable. 

4. Mn H CLUSTERING ON THE OCTAHEDRAL 
SUBLATTICE 

In addition to the cation exchange between 
the two sublattices another cation diffusion 
process in the Mn-Fc spinel system is possible, 
namely a clustering of octahedral Mn a+ ions. 
The physical reason for the formation of these- 
clusters has been sought in the Jahn-Teller 
effect of the Mn 3+ ions. In a cubic lattice 
these ions tend to distort their environment, 
which increases the elastic energy of the 
crystal. A reduction of the elastic energy is 
possible by grouping the distorting ions into 
clusters in which then parallel alignment of 
the distorted octahedra occurs. 

Recently, Cervinka el al |33] observed 
local inhomogeneities by means of X-ray 
diffraction in Mn J . 9 Fe J . J 0 4 , slowly cooled 
from 900°C in air. Naturally, the inhomo¬ 
geneity may well be occasioned by oxidation 
of their samples during the cooling process, 
since even a segregation of a second phase of 
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a-(Fc,Mn> 20 s was observed in one of the 
samples. However, the existence of a two- 
phase region in the manganese-rich part of 
the Mn J Fe 3 _ iC 0 4 system indicates that Mn 3+ 
clustering is an intrinsic process without any 
interference of oxidation [24,34]. 

In a paper mentioned before[1], the author 
investigated the lattice parameters of the 
tetragonal Mn-Fe spinels, of which the results 
are given in Fig, 3. The samples prepared 
with the usual ceramic techniques showed 
broadened X-ray diffraction lines. It was ob¬ 
served that the linewidth decreased with 
increasing Mn content and that for pure 
Mn 3 0 4 the broadening did not occur, which 
points to the possibility of chemical in¬ 
homogeneities, like Mn 3+ clustering, as the 
cause of the line-broadening. By annealing 
the sintered specimens in vacuum the line¬ 
broadening disappeared and in addition to 
this effect also a decrease in the c/a ratio was 
observed, which was suggested to be caused 
by migration of manganese ions from octa¬ 
hedral to tetrahedral sites during the anneal¬ 
ing process. However, the alterations in line- 
width and in c/a ratio appear simultaneously, 
and it seems that both these phenomena are 
connected with the clustering of octahedral 
Mn :i + ions. Since the largest variation in c/a 
ratio and linewidth were observed with jc = 
20 , we investigated the influence of thermal 



Fig. 3. Lattice parameters of tetragonal Mn^Fe^O* (1). 
□ samples sintered at temperatures between 1175 and 
1400 D C and cooled to room temperature in 45 min. 
A samples annealed in silica tubes under vacuum for 
3 hr at 900°C. 16 hr at 600°C and 3 hr at 300°C. 

treatments on these phenomena further on 
specimens x=20. Table 1 summarises the 
results. 

From these experiments it follows that for 
the compositions x = 2-0 the changes in line- 
width and c/a ratio go on during the slow cool¬ 
ing between 300 and 200°C and that both 


Table 1. Influence of thermal treatments on the structure at 
room temperature of tetragonal Mn 2 Fe0 4 specimens 



Thermal treatment 

c/a 

Line-broadening 

A. 

Specimen sintered in air at 1360°C and 
cooled in l$hr 

1064 

++ 

B. 

Specimen sintered in air at 1360°C and 
quenched 

F045 

_ 

C. 

Sample A , annealed in vacuum for 3 hr 
900°C, 15 hr 600°C and 3 hr 300°C 

1045 

_ 

D. 

Sample £, annealed in vacuum for 3 hr 
900°C, 15 hr 600°C and 3 hr 300°C 

1-045 

_ 

E. 

Sample B , annealed for 48 hr at 200°C 
in vacuum 

1060 

+ 

F. 

Sample B, annealed for 48 hr at 200°C 
in air 

1060 

+ 
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these changes are simultaneous. If one 
supposes the manganese ions to have, at low 
temperatures, a preference for the tetrahedral 
sites, the c/a ratio for samples annealed at 
200 °C would be unchanged or smaller. Which 
of these two possibilities occurs, depends on 
the electron distribution over the octahedral 
ions (See equation (2)). The experimental 
results given in Table 1 contradict the 
proposed cation exchange between the sub¬ 
lattices because an increase in the c/a ratio 
was observed. T he conclusion that octa- 
hedral Mn 3f clustering is the only process 
active during these annealing experiments 
seems justified, since oxidation is also ruled 
out by the identical result of the experiments 
E and F In Section 6 of this paper, however, 
it will be shown that the octahedral manganese 
concentration is not a function monotonously 
increasing with temperature, but that certain 
peculiarities appear near the tetragonal-cubic 
transition temperature, by which cation migra¬ 
tion between the sublattices during our 
annealing experiments at 2(X)°C cannot be 
ruled out. How far the observed variations 
<f the c/a ratio will be due to a change in the 
cation distribution or to Mn' H clustering is 
hard to say, and consequently no decisive 
answer to the question of the electron dis¬ 
tribution over the octahedral cations can be 
given with the experiments reported so far. 
But the identical results for the annealing of 
the specimens x = 2*0 at 200°C in air and in 
vacuum prove that the clustering is an 
intrinsic process of the Mn r Fe, Vx 0 4 system 
and is not only caused by oxidation. 

To get an idea about the influence of the 
oxidation on Mn 3+ clustering, the thermal 
dilatation of homogeneous polycrystalline 
specimens x = 2*0 was measured in air and 
in argon (c/a = 1 045); the results are dis¬ 
played in Fig. 4. At 127°C the magnetic 
anomaly occurs and near 200°C a small 
increase in the thermal expansion coefficient 
goes on, which is caused by the tetragonal- 
cubic transition (See Section 5). Above 
250°C, the measurements in air differ sub- 



Hg 4. Thermal expansion of polycrystaJhne Mn 2 FeO*. 
A measurements in argon. O measurements in air. 


stantially from those in argon. In air two 
peaks in the thermal expansion coefficient 
are found at about 300 and 400°C, respectively. 
A sample quenched to room temperature 
after the measurements in air up to 320°C 
turned out to be a single phase, although a 
considerable line-broadening in the X-ray 
diagram was observed. After the measure¬ 
ments in air up to 450°C segregation into a 
cubic spinel phase and a tetragonal y-(Mn,Fe) 2 - 
() 3 phase was observed. The X-ray diffraction 
lines of the spinel as well as the lines of the 
y-(Mn,Fe) 2 0 ;j phase displayed substantial 
broadening. These results indicate that oxida¬ 
tion of the sample substantially increases the 
octahedral Mn 3 +-clustering, which is obvious, 
because oxidation increases the cation mobility 
by creating cation vacancies. From the results 
of the measurement in argon it appears that 
the Mn 3+ clustering without interference of 
the oxidation process is too slow to go on 
during the heating of the sample (2°C/min). 

5. THE CUBIC-TETRAGONAL TRANSITION 
TEMPERATURE 

No precise data of the cubic-tetragonal 
transition temperature of homogeneous 
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MnjFe 3 _x 0 4 materials are available in the 
literature, which is a consequence of the 
phase segregation accompanying the transi¬ 
tion. From the investigation of the two- 
phase region by McMurdie et al\ 34] and by 
Van Hook et ai[ 35] some approximated 
values can be deduced. Measurements of 
the thermal dilatation of homogeneous 
tetragonal specimens can be used to deter¬ 
mine the transition temperature of these 
materials. As is shown by Fig. 4 the effect in 
the expansion coefficient at the transition 
temperature is very small for poly crystalline 
samples, which is the outcome of the fact, that 
for polycrystalline materials only changes of 
the crystal volume are detected and no linear 
alterations of the crystal axes. With the 
purpose of enlarging the effect at the transi¬ 
tion temperature, the dilatation measurements 
were carried out on textured specimens, in 
which the crystallites were ordered in such 
a way that in the length of the sample the a - 
orientation of the crystallites dominates. 
Consequently, a strong dilatation will be 
observed at the transition temperature. Figure 
5 displays the results of the measurements 
on samples x — 1*95, 2*0, 210 and 2*25. From 
these curves it can be seen that for the speci¬ 
mens x = 1*95 and 2*0 an abrupt dilatation 
occurs at 72 and 198°C, respectively, and 
that for the specimen jc = 2*10 a transition 
region from 350-360°C enters the measure¬ 
ments. The sudden expansion of the speci¬ 
mens x = 1 -95 and 2*0 indicates the first order 
type of the transition. With the measurement 
on x=2-25 and more or less also with the 
measurement on 2*10, the octahedral Mn 3+ 
clustering interferes with the crystal transi¬ 
tion, which could be concluded from the 
large X-ray line-broadening observed on a 
specimen x = 2*25 after the measurements 
up to 700°C. During measuring the material 
becomes inhomogeneous with respect to 
the octahedral Mn 3+ concentration, which 
causes a transition region to be observed 
instead of a sharp transition temperature. 
This transition region is not in contradiction 


with the first order type of the transition as 
was pointed out theoretically by Haas [36]. 

Irani et al.[ 37] found for a large number 
of tetragonally distorted oxygen-spinels one 
linear relation between the transition tempera¬ 
ture and the (c/a)^ ratio. This linear depen¬ 
dence is to be expected if one makes the 
assumption that the interaction energy 
between distorted polyhedra is proportional 
to the c/a ratio[37]. In Fig. 6 the transition 
temperature of homogeneous Mn x Fe 3 _ x 0 4 
specimens obtained from our dilatation 
measurements is plotted against the value 
of the c/a ratio at room temperature. The 
data for pure Mn 3 0 4 reported by McMurdie 
[38] are also included. The linearity of the 
curve agrees very well with the relation given 
by Irani; only the c/a ratio of the specimen 
x = 1*95 is somewhat too low, which may be 
due to the fact that this ratio was determined 
very close to the transition temperature 
(T - 0*857, r ) [3]. 

In the composition range 2*10 < x < 3*0 it 
is difficult to find accurate values of the 
transition temperature because of the two- 
phase region. In order to get more information 
about the tetragonal distortions in this inter¬ 
mediate region, a number of specimens x — 
2*66 were prepared by sintering in air at 
!235°C, followed by annealing for 100hr 
at various temperatures between 700 and 
1235°C in a controlled atmosphere and sub¬ 
sequent quenching to room temperature. In 
the X-ray diagram all the samples showed 
line-broadening, which increased when the 
annealing temperature approached 900°C. 
The sample annealed at 890°C even de¬ 
composed into two phases, which were 
tetragonal at room temperature with c/a 
ratios of F136 and 1*110, respectively. The 
results of these annealing experiments denote 
that the transition temperature of a homo¬ 
geneous specimen x — 2*66 is close to 890°C 
and that the room temperature value of the 
c/a ratio lies between 1*136 and 1*110. From 
the plotted values of Fig. 6 it can be con¬ 
cluded that the relation between the transition 
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Fig. 5. Thermal dilatation curves ol textured tetragonal Mn x Fe 3 - x O< specimens. 


temperature and the c/a ratio at room tempera¬ 
ture is in first approximation linear for the 
whole MnjFe^.jO^ system. 

& THE OCTAHEDRAL CATION VALENCIES 
IN THE Mn J Fe 3 _ J 0 4 SYSTEM 

Recently. O’Bryan and Levinstein[39] 
reported the structure of slowly cooled 


Mnj.ggFe, 12 0 4 to be tetragonal at 300°K, 
while fast cooled specimens were cubic. 
The c/a ratio of the tetragonal specimen was 
1*005 and the transition temperature 260°C, 
which deviates strongly from our results given 
in Section 5. O’Bryan et al . supposed that at 
low temperatures manganese ions in this 
material have an energetic preference for 
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Pig. 6. The tetragonal-cubic transition temperature 
plotted against the tetragonal c/a ratio at 20°C. O values 
obtained from thermal expansion measurements, fl values 
from annealing experiments on Mn^Feo^O*. X high 
temperature X-ray diffraction[38]. 

octahedral sites; consequently, higher tem¬ 
peratures tend to randomise the distribution 
of the manganese ions, and material quenched 
from high temperatures will contain fewer 
octahedral manganese ions and will have 
lower transition temperatures than slowly 
cooled material. However, this is only true, if 
Mn ;j+ in presence of Fe 2+ ions form the stable 
configuration on the octahedral sites at low 
temperatures. Moreover, the supposition that 
manganese ions in the manganese iron spinels 
have at low temperatures a preference for 
the octahedral sites is in contradiction with the 
cation distributions observed in these spinels 
[7-10]. 

To investigate this problem further, we 
measured the thermal expansion in the tem¬ 
perature range of 20-700°C on a number of 
cubic (100) oriented single crystals jt = 1*9, 
which composition is comparable with that 
used by O’Bryan. In Fig. 7 a typical dilata¬ 
tion curve is represented. After the measure¬ 
ment up to 450°C the specimen was quenched 
to room temperature and then turned out to 



Fig. 7. Thermal expansion of cubic Mn^Fej ^ single 
crystal annealed at 1340*0 in 0*20 atm oxygen and 
cooled to room temperature in 45 min. 


be cubic. Only slight line-broadening was 
observed. Another specimen which was 
measured up to 320°C, displayed the same 
shrinkage near 300°C, but after quenching 
to room temperature it appeared to be 
tetragonal with c/a ratio 1*052. The X-ray 
diffraction lines of this specimen were also 
a little broadened. 

The observed phenomena can be inter¬ 
preted by supposing that near 300°C a cation 
migration between tetrahedral and octahedral 
sublattices becomes possible according to the 
equation 

Mn/ + 2Fe fi I1J *=* Mn^ + Fe^ + Fe/ 1 . (a) 

Here, Mn/ means a bivalent Mn ion in a 
tetrahedral site, etc. A macroscopic distortion 
of the lattice may cause the equilibrium (a) to 
shift towards the right, because the transition 
from the cubic to the tetragonal structure is 
an exothermic process [40], and because at 
low temperatures the equilibrium (a) lies to 
the left. Thus, the shifting of a number of 
tetrahedral Mn 2+ ions to the octahedral 
sublattice can be stabilised by a macro- 
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scopic distortion of the lattice; consequently, 
octahedral Mn 3f ions in the presence of 
Fe 3+ ions cannot but be stable in the tetra¬ 
gonal spinel structure at low temperatures. 
Near 300°C such a shift of the manganese 
ions really takes place and the cubic struc¬ 
ture changes into a tetragonal one. The 
cubic (HX)> oriented single crystal trans¬ 
forms into a tetragonal textured specimen, in 
which the a-axes or the r-axes of the crystal¬ 
lites may dominate in the direction of the 
length of the sample. If the a-axes prevails, 
a strong shrinkage will occur, which is also 
displayed in Fig. 7. Near 360°C the tetragonal 
structure becomes again cubic, which results 
in a steep increase in the dilatation till about 
the original value is reached. The cubic struc¬ 
ture of the specimen quenched from 450°C 
indicates that at this temperature the shift in 
the cation distribution which was stabilised 
below 360°( by the macroscopic distortion 
no longer exists. The cubic structure of this 
specimen also rules out the influence of 
oxidation during the measurements. From 
the c/a ratio of 1*052 observed on the sample 
quenched from 320°C the number of migrating 
manganese ions can be estimated to be 0*15- 
0*20 per unit AB 2 () 4 . 

In Fig. X is represented the thermal dilata¬ 
tion of a cubic {100) oriented single crystal 
.t=l-9, which was annealed under more 
oxidising conditions (1225°C, 1 atm oxygen). 
The cation shift in this specimen already 
appeared near 270°(\ which can be under¬ 
stood as the result of higher cation mobility 
caused by the increased cation vacancy 
concentration. Another peculiarity of this 
measurement is that strong dilatation is 
observed before shrinkage occurs near 350°C, 
Thus, in this case the c-axis prevails in the 
direction of the length of the specimen. 

From the reported thermal expansion 
measurements on single-crystalline Mn^Fe, 
0 4 one must conclude that in the tetragonal 
structure Fe 2+ and Mn 3 ^ are the stable 
valencies on the octahedral sites. For the 
interpretation of the electrical conductivity 



Fig. 8. Thermal expansion of a cubic Mn^Fe, ,0 4 single 
crystal annealed at 122 5°C in I atm oxygen and cooled to 
room temperature in 45 min. 


phenomena in the cubic Mn-Fe spinels 
Simsa[15] introduced the hypothesis that 
Mn 3+ and Fe 2+ form a pair stabilised by Jahn- 
Teller effects and that this pair acts as donor 
for the electrical conduction. Electrical con¬ 
ductivity measurements which were carried 
out in our laboratory on single crystals 
Mn 2 FeG 4 revealed no anisotropy for the 
tetragonal structure and no change of the 
activation energy at the tetragonal-cubic 
transition (£ = (M7eV; T= 198°C)[24]. 
This implies that also in the cubic spinel 
structure the Mn 3+ -Fe 2+ pairs form the stable 
configuration at low temperatures. 

7. CONCLUSIONS 

The combined thermal dilatation and X-ray 
measurements show that two types of cation 
migration take place in the Mn J .Fe 3 - J 0 4 
system. The cation exchange between the 
octahedral and tetrahedral sublattices occurs 
in the entire system and already appears at 
temperatures of the order of 200°C; the 
octahedral Mn 3+ clustering occurs only in 
that part of the system rich in manganese. 
The measurements on the cubic single crystals 
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x = ] *9 show that in the temperature range of 
250 - 350 °C a shift in the cation distribution 
is induced and stabilised by the macroscopic 
tetragonal distortion of the lattice. From this 
distortion it follows that at low temperatures 
the equilibrium of the electron distribution 
among the octahedral cations according the 
equation 


Mn 2+ + Fe 3+ ?± Mn 3+ + Fe 2+ 


must for the tetragonal structure be placed 
on the right-hand side. Electrical conductivity 
measurements on Mn 2 Fe0 4 prove that this 
statement also holds for the cubic spinel 
structure. 
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Abstract— Luminescence of CdSe single crystals excited by high intensity light pulses has been 
investigated in the temperature region 4 2-77°K. The rate of increase of the intensity of several 
free and bound exciton lines as a function of excitation intensity has been determined. The line 
with the highest rate of increase has been interpreted as being due to interaction of two free excitons. 
Electron-beam pumped laser emission from this line has been obtained at low temperatures and its 
contribution to the laser emission at higher temperatures is discussed. 


1. INTRODUCTION 

Although lasing transitions have been 
observed in several II-VI compounds the 
mechanism giving rise to the lasing lines is 
still not wholly understood. In a recent paper 
C. Benoit a la Guillaume et al.[ 1] have 
shown that at least three different processes 
can lead to laser effects in CdS. Some signi¬ 
ficant changes occurring in the luminescence 
of CdSe when the intensity of exciting light 
is greatly increased haved been reported in the 
last few years[2-5]. From measurements of 
the dependence of the intensity of lumines¬ 
cence on the intensity of excitation interesting 
information may be obtained concerning the 
nature of recombination centers and the me¬ 
chanism of luminescence and laser action. 
This paper reports more detailed studies of 
these effects in CdSe in the region of exciton 
lines, 

2. EXPERIMENTAL 

Thin CdSe platelets were used in the 
measurements. The luminescence was excited 


by high intensity pulses from a Xenon flash 
tube (20 p.p.s., 0-2 Joule per flash). Calibrated 
neutral filters were used for attenuation of the 
excitation intensity. The recombination 
radiation was analyzed by a SPM-2 grating 
monochromator (with 20 A/mm dispersion) 
or with a PGS-2 spectrograph (with 7*8 
A/mm dispersion in the investigated spectral 
region) and was recorded by a photo-multi¬ 
plier. Spectra were taken with a PAR boxcar 
integrator followed by a logarithmic converter. 
The lowest temperature was obtained by 
immersing crystals in liquid Helium. Carbon 
and Platinum resistors were used for tempera¬ 
ture measurements. 

The laser emission was obtained by pulsed 
electron-beam excitation (200 nsec., 50 Hz). 
The beam energy was 30keV and currents 
up to 40 mA were used. Platelets that were 
cleaved to form a cavity perpendicular to the 
electron-beam (laser geometry) were mounted 
on a copper cold finger in a Helium dewar. In 
spontaneous emission measurements the light 
emitted directly from the bombarded face 
was detected. The output from the photo¬ 
multiplier was led to a sampling oscilloscope, 
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sampling on the leading edge of the pulse in 
order to avoid the influence of heating during 
the pulse. 

3. RESULTS AND DISCUSSION 

The dependence of the intensity of the most 
prominent lines in the exciton spectrum on the 
intensity of exciting light was measured 
at 4-2°K. This dependence can be expressed 
by the formula 

f lum 0) 

where is the intensity of luminescence and 
1^ the intensity of exciting light. The values 
of the power a are given in Table I. 

As the temperature was increased from 4*2 
to 77°K the spectrum shifted towards longer 
wavelengths due to the variation of the band 
gap. The positions of the maxima in this 
temperature range arc shown in Fig. I. The 
shifts of the phonon lines A^LO and^,-2L0 
are seen to be weaker corresponding to shifts 
of 1-5 and 0*5 kT respectively towards higher 
energies relative to the band gap in agreement 
with the results from Ref. |6]. With the change 
of temperature a significant change of spectral 


distribution of emitted intensity is observed 
(Fig. 2). 

The intensity of the recombination radiation 
of the free exciton A x is nearly a linear func¬ 
tion of the excitation intensity, as should be 
expected for high excitation intensities at 
4*2°K (at very high excitation intensity, how¬ 
ever, this function can become sublinear[4,7]), 
at which the number of free excitons should be 
proportional to the number of created pairs 
of carriers. 

The / 2 line is ascribed to the radiative 
recombination of an exciton bound to a neu¬ 
tral donor[8J. The binding energy of this 
complex measured from the spectrum 
as the distance on energy scale between this 
line and the A x line is 4meV. With in¬ 
creasing temperature the intensity of the / 2 
line diminishes rapidly, because of the small 
binding energy of the complex. The depen¬ 
dence on the excitation intensity is linear, 
as could be expected if the number of these 
shallow neutral donors is independent of the 
excitation intensity. (The number of free 
excitons increases linearly with the number of 
incident photons). 

The dependence of the intensity of the 


7 able 1. Positions of some of the exciton lines in CdSe at 4*2°K 
and the respective values of a obtained by photoexcitation 


Symbol 

Hxciton complex 

Wavelength 

Energy 

qC 1 


free exciton 1 1 ' 7 

in state n - 1 

A 

eV 


A, 

6789 

1 826 

It 


exciton bound to 
neutral donor 

6803 

l 822 

1*0 

/. 

exciton bound to 
neutral acceptor 

6823 

1-817 

1-6 

P 

9 

6847 

1-811 

1-9 

4,-LO 

free exciton with 
emission of 1 phonon 

6889 

1 799 

> 1 

/,-LO 

exciton bound to neutral 
acceptor with emission 
of 1 phonon 

6924 

1*790 

> 1 

A r 2LO 

free exciton with 
emission of 2 phonons 

6993 

1-773 



* Because of some overlapping of the peaks and of a strong background the 
accuracy of a is about 20 per cent. 



CdSe AT HIGH EXCITATION LEVELS 


2195 



Fig. L Position of spontaneous and stimulated emission lines vs. temperature. 
The spontaneous emission was excited by a flash lamp. The laser emission 
was electron-beam excited with a beam energy of 30 keV and beam currents 

of 1-5 mA. 


h line on excitation is superlinear with 
« — 1-6. One may expect this value of power 
since this line is due to recombination of 
excitons bound to neutral acceptors [81. 
Its intensity should therefore be proportional 
to both the concentration of free excitons and 
of neutral acceptors. As CdSe is always 


n-type, acceptors will tend to be ionized in 
unexcited samples. Hence, far from satura¬ 
tion, the concentration of neutral acceptors 
should be proportional to the number of free 
holes generated by the light. The concentra¬ 
tion of free holes, on the other hand, will 
increase as the square root of the excitation 




1. FILINSKI et al. 



intensity, as can be seen from the following 
argument. The number of free excitons which 
is proportional to the product n • p of electron 
and hole concentrations is observed to in¬ 
crease almost linearly with light intensity. 
Assuming n — p (low temperature) one gets 
a square root dependence for the hole con¬ 
centration. With values a = 1 for free exa- 
tons and a ~ 0*5 for neutral acceptors one 
should expect a = 1*5 for the/, line. 

For the P line we have found a =1-9, 
i.e. a value higher than that for the /, line. 
In the previous paper [2] the P line was 
tentatively ascribed to the recombination of 
free excitons in the excited state n~2 with 
simultaneous emission of a longitudinal 
optical phonon. It should be noted, however, 
that the P line is separated from the free ex¬ 
citon .4! line by 15 meV, i.e. by the value equal 
to the free exciton binding energy. Haynes[9] 
has observed in Si a line the intensity of which 


increases as the square of the intensity of 
exciting light and the position of which is 
shifted from the free exciton line by the 
exciton binding energy. This line was ex¬ 
plained by Haynes as arising from the decay 
of excitonic molecules. The binding energy 
of the excitonic molecule is expected to be 
very small [91 (in case of CdSe it could be 
estimated as E b < 3 meV), and one should 
not expect to observe this line at elevated 
temperatures. As the P line persists even to 
50°K (see Fig. 2) we think that in our case a 
collision of two excitons resulting in dis¬ 
sociation of one of them into a free electron 
and a free hole and a radiative recombination 
of the other is a more probable process than 
the mechanism proposed by Haynes. The 
hv of emitted photons would then be about 
Ey-lEx, where E x is the binding energy of a 
free exciton and E u the energy gap. Assuming 
such an exciton-exciton collision process one 
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can expect that the intensity of the P line 
should increase as the square of that of the 
exciting light. 

This interpretation of the origin of the P 
line is the same as was first proposed by C. 
Benoit a la Guillaume et al. for one of the 
three processes leading to laser transitions 
in CdS[l, 10,11], A new luminescence line 
observed in ZnO. CdS and CdSe at low tem¬ 
peratures and high excitation was ascribed 
the same recombination mechanism [12], 
In all the three materials this line is separated 
by the exciton binding energy from the A t 
line. 

We have obtained electron-beam pumped 
laser emission in CdSe in the temperature 
range from 25 up to above 100°K. The laser 
lines were relatively broad containing several 
unresolved modes. The number of modes was 
increasing drastically with increasing excita¬ 
tion. Hence the spectra were recorded as 


close to the threshold as possible. Fig. 3 
shows spontaneous and stimulated emission 
spectra corresponding to a sample tem¬ 
perature of 35°K. In the spontaneous spec¬ 
trum the / 2 line is dominant which was typical 
for the samples used in the laser measure¬ 
ments (Cd-rich compared to the optically 
excited samples). In the laser geometry we 
observed stimulated emission at wavelengths 
close to the P line as well as the A r LO line 
(but not in between). Whether laser emission 
was obtained in one band or the other or in 
both bands simultaneously was dependent 
on sample, position on sample, and excitation 
in a nonsystematic way. In the actual record¬ 
ings of Fig. 3 the laser emission in the /4,-L.O 
band had a somewhat higher threshold than 
in the P band. 

With increasing temperature the two laser 
lines approached each other and above 60°K 
we only observed laser emission in one band 



Fig. 3. Electron-beam excited emission spectra at 35“K. The intensity of the laser lines have been reduced 
by a factor of about 50. Beam currents 1 mA in (a) and (b) and 4 mA in <c). 
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which on the other hand exhibits a shift that 
is considerably larger than the shift of the 
band gap. here represented by the A x line 
(sec Fig. 1). At 80°K the shift relative to 
the band gap is about 20 meV. The threshold 
for laser action did not increase appreciably 
from Helium temperature up to above 100°K, 
the threshold current being 1-2 mA in this 
temperature range. Our results at the lower 
temperatures are consistent with the laser 
emission that has earlier been observed in 
CdSe[4.5J. At 77°K. however. Ref. (4) re¬ 
ports laser emission in the A x -LO band which 
we have not been able to obtain. The thres¬ 
hold for laser action from the /4,-LO process 
has been calculated [13] to rise exponentially 
with temperature at higher temperatures due 
to the growth in phonon population. 

The peak position of neither the A,-LO 
linej 13j nor the exciton-exciton line [11] 
is expected to be shifted drastically with 
temperature increase. However, the large 
shift of the position of the laser line only 
requires that the maximum net gain shifts 
accordingly, which may as well be caused by 
the temperature and wavelength dependent 
absorption tail that has been observed below 
the lowest exciton energy in several 11—VI 
compounds! 14. 151. This absorption (describ¬ 
ed by the empirical Urbach’s rule) has 
recently been shown! 16) to be able to explain 
a similar temperature shift of the laser line 
in CdS assuming a relatively broad gain curve 
following the band gap. and with an extended 
low energy tail. One would expect the 
exciton-exciton line to be broad and with a 
low energy tail in contrast to the /f ,-LO 
linef 13]. We therefore suggest that the laser 
emission at elevated temperatures is due to 
the same process as the low temperature laser 
action on the P- line, namely the exciton- 
exciton collision process. This is also sup¬ 
ported by the continuous and smooth shift 
of the laser line. 

We have observed a similar shift of the laser 
line at elevated temperatures in CdS and 
ZnO[17] and the contribution of the absorp¬ 


tion tail to this shift is under investigation to 
appear in a later publication. 

4. CONCLUSION 

The measured excitation dependences of 
the different exciton lines are in agreement 
with the identifications of the lines. The near 
quadratic dependence of the P line together 
with its position an exciton binding energy 
below the A, line strongly suggest this line 
to be due to an exciton-exciton collision 
process. At low temperatures we have ob¬ 
tained laser action from the P line as well as 
the AfLO line. The continuous shift of the 
laser line with increasing temperature in 
connection with the slow rise in threshold 
current points towards a recombination pro¬ 
cess with a low energy tail in photon energy 
and with no inverse absorption process 
connected to it. These conditions are ap¬ 
parently met by the exciton-exciton col¬ 
lision process although the exact lineshape 
has not been evaluated for this process at 
finite temperatures. The position of the 
laser line is probably largely determined by 
the onset of the background absorption. 
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Abstract-Hall coefficient and resistivity measurements have been made on undoped ZnTe single 
crystals at temperatures up to 1000°C under controlled partial pressures of either zinc or tellurium. 
All samples are p-type. The Hal! mobility of holes has been measured, and the equilibrium hole 
concentrations along both the zinc-rich and tellurium-rich solidus curves have been determined. At 
compositions close to the zinc-rich solidus, the dependence of hole concentration on Zn(g) partial 
pressure supports the conclusion of Thomas and Sadowski that the hole concentration is controlled 
by the presence of a doubly ionized native acceptor defect. At compositions close to the tellurium- 
rich solidus the situation is apparently more complicated. The dependence of the hole concentration 
on Te s (g) partial pressure is considerably weaker than expected if the only defect of importance were 
the acceptor defect found close to zinc saturation. At high temperatures in this composition region 
there are appreciable concentrations of a neutral defect which precipitates on cooling to room tempera¬ 
ture. We suggest that the acceptor defect is a zinc vacancy, as proposed by Thomas and Sadowski, 
and that the neutral defect is a tellurium interstitial. Evidence has been obtained for the association 
of the acceptor with a donor during slow cooling of tellurium-saturated specimens. 


1. INTRODUCTION 

Zinc telluride unless intentionally doped is 
always p-type and exhibits retrograde solu¬ 
bility for tellurium. Its homogeneity range is 
therefore usually assumed to lie entirely on 
the tellurium-rich side of the stoichiometric 
composition. Conductivity measurements 
made on crystals of ZnTe in zinc vapor at 
700-950°C by Thomas and Sadowski [1] have 
shown that at compositions close to zinc 
saturation the hole concentration is controlled 
by the presence of a doubly ionized native 
acceptor defect. 

The initial objectives of the present study 
were to determine whether this native defect 
also controls the hole concentration at com¬ 
positions close to tellurium saturation and to 
measure the defect concentrations along the 
zinc-rich and tellurium-rich solidus lines. In 
order to do this we have made both Hall co¬ 
efficient (R h ) and resistivity (p) measurements 
on undoped single crystals of ZnTe at tem- 
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peratures up to 1000°C while controlling 
either the zinc or tellurium partial pressure. 
For zinc pressures close to saturation the 
results are in good agreement with those of 
Thomas and Sadowski [1]. In the region close 
to tellurium saturation, where high tempera¬ 
ture measurements have not previously been 
made, the results indicate the presence of 
an appreciable concentration of a second 
native defect. 

2. EXPERIMENTAL 

Some of the crystals used had been grown [2] 
by the temperature gradient solution zoning 
method from a Te-rich solution. Others were 
obtained by an open tube vapor transport 
method in which helium was used as the 
carrier gas. Specimens cut from these crystals 
were annealed in a large excess of molten 
zinc at 1000°C for 4 days. This treatment 
served to purify them by the solvent extrac¬ 
tion process [3] and also to remove precipi¬ 
tates, presumed to be tellurium, which could 
be seen in the crystals grown from Te-rich 
solution. Mass spectrographic analyses of 
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samples after this process showed concentra¬ 
tions of probable foreign donors and acceptors 
at the | e vel of JO 17 cm“ 3 . No increase in 
impurity content was found when the analysis 
was repeated after a series of high temperature 
electrical measurements lasting up to 2 weeks. 

The apparatus used for high temperature 
measurements has been described previously 
[4j. The desired zinc or tellurium partial 
pressure was maintained by controlling the 
temperature of a reservoir containing either 
pure zinc or tellurium (Cominco Grade 69, 
nominally 99-9999 per cent pure), using 
published vapor pressure data[5]. The zinc 
and tellurium pressures were restricted to 
values within a factor of about 100 below 
the respective saturation pressures. This 
restriction was found to be necessary to 
prevent appreciable sublimation of the speci¬ 
men during a run. Resistivity and Hall co¬ 
efficient measurements were made by the 
van der Pauw method. The specimen, which 
was in the form of a square plate approxi¬ 
mately 8 x 8 x | mm, was contacted by four 
spring-loaded graphite knife edges, two on 
one edge of the specimen and two on the 
opposite edge. The contacts were found to be 
ohmic down to room temperature once the 
specimen holder assembly had been heated 
to 650°C or above for a few minutes. Measure¬ 
ments were made with a d.c. magnetic field 
of 5-3 kOe and either d.c. or a.c. sample 
currents of less than lOma. The sample 
voltages were detected by a d.c. microvolt 
amplifier or by a lock-in amplifier, respectively. 
The a.c. system gave improved sensitivity, 
which was useful at the higher temperatures. 

Equilibrium measurements were made with 
a zinc reservoir at sample temperatures 
between 635 and 1000°C. The resistivities 
observed at 950°C are in good agreement with 
those of Thomas and Sadowskifl], but at the 
lowest temperatures our values are about a 
factor of two higher than theirs. Values of 
the hole concentration for a particular com¬ 
bination of sample temperature and zinc 
pressure (p Zn ) varied by less than ±20 per 


cent between specimens. This reproducibility 
indicates that impurities present at the level 
of lO^cirr 1 did not have a significant effect 
on the carrier concentration, since the impurity 
concentrations determined by mass spectro- 
graphic analysis were in this range but varied 
appreciably between specimens, especially 
those from crystals obtained by the two 
different growth methods. 

3. RESULTS 

All measured values of the Hall coefficient 
were positive, indicating p-type conductivity. 
The Hall mobility ( R H lp ) for holes at any 
fixed temperature within the range studied 
(3O0-13OO°K) was found to be independent 
of hole concentration between 1 X 10 15 and 
5x lO ,R cmand was reproducible to about 
±10 per cent between specimens. This indi¬ 
cates that the observed mobilities were limited 
by lattice scattering. V alues for a typical speci¬ 
men are plotted as a function of temperature 
in Fig. 1. The room temperature value is 
92±5 cm 2 /V-sec, in agreement with previous 
resultsfl,5]. At high temperatures the values 
are somewhat below those used by Thomas 
and Sadowskifl] to convert their measured 
conductivities to hole concentrations. For 
example, at 1000°K our measured value is 



HALL MOBILITY OF HOLES IN ZnTe 
Fig. I Hall mobility of holes in a typical ZnTe specimen. 
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10 ± I cm 2 /V-sec, Compared with the value of 
16 cm*/V-sec which they obtained by extra¬ 
polation from lower temperature data* 

Figure 2 shows equilibrium values of the 
hole concentration (=l/R H e) for a typical 
specimen at a number of temperatures between 
635 and 953°C, plotted as a function of p Zn 
for pressures close to zinc saturation. At each 
temperature the concentration varies as 
where m = — (0-34 ±0*02). This zinc pressure 
dependence is in excellent agreement with the 
observations of Thomas and Sadowskifl]. 
As discussed below, this is the pressure 
dependence expected if the holes are due to 
the presence of a native acceptor defect which 
is doubly ionized over the temperature range 
in which the equilibrium measurements were 
made. 

Values of the hole concentration ( p) at 
fixed values of p Zn were determined as a func¬ 
tion of temperature by interpolation from 
concentration vs. p Zn isotherms like those in 
Fig. 2. Plots of logp vs. 1 IT based on these 
interpolated values are straight lines, as 
illustrated by the lower line in Fig. 3, which 


gives the results for p Zn =100Torr The 
apparent enthalpy of formation (A///) of the 
acceptor defect can be found from the slopes 
of these lines, which are equal to — (AHflikT) 
[6]^ From the lines for several pressures 
between 40 and 200Torr, we obtain A H f = 
4-8 ±0*3 eV, compared with the value 3*95 eV 
found in a similar manner by Thomas and 
Sadowskifl]. Thus according to our data the 
hole concentration in ZnTe close to zinc 
saturation at high temperatures is given by 

P = Po(Pzn)~ 1/3 exp (-4*80/3*7) (1) 

where p 0 = 1 *46 x 10 24 cm -3 atm 1 ' 3 , p is in cm -3 
and p^ is in atm. 

Equilibrium measurements were made with 
a tellurium reservoir at sample temperatures 
between 750 and 1060°C. Values of the hole 
concentration for a particular combination of 
sample temperature and tellurium pressure 
(p Te2 ) varied by less than ±10 per cent between 
specimens, again showing that impurities 
present at the level of 10 17 cm" 3 did not have a 
significant effect on the carrier concentration. 



Fig. 2. Isotherms of hole concentration vs. zinc partial pressure for zinc partial pressures 

close to saturation. 
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Fig. 3. Hole concentration as a function of temperature 
at a constant zinc pressure of lOOTorr {lower curve) and 
a constant tellurium pressure of 100 Torr (uppercurve). 


Figure 4 shows the equilibrium values of the 
hole concentration at four temperatures for 
the specimen of Fig. 2, plotted as a function of 
pxc 2 for pressures close to tellurium saturation. 
No data for this pressure region have been 
reported previously. At each temperature the 
concentration varies as<p™ ej , where m increases 
from about 0 05 at 750°C to 0* 10 at 1050°C. 

Values of the hole concentration ( p ) at fixed 
values of p Tea were determined as a function 
of temperature by interpolation from iso¬ 
therms like those shown in Fig. 4. Plots of 
log p vs. 1 IT based on these interpolated 
values are straight lines, as shown by the 
lower line in Fig. 3, which gives the results 
for p rt2 = lOOTorr. The slopes of these lines 
are considerably Jess than those for the 
analogous lines at fixed values of P Zn close 
to zinc saturation. 

To obtain the hole concentrations at the 
zinc-rich limit of the ZnTe homogeneity range, 
carrier concentration isotherms like those in 
Fig. 2 were extrapolated to the values of p Zn 
in equilibrium with zinc-saturated material. 
Only a short extrapolation was required, since 
the highest zinc pressure used at each tempera¬ 
ture was close to the saturation pressure. The 
hole concentrations along the tellurium-rich 
solidus were found in a similar way by extra¬ 
polating isotherms like those of Fig. 4. The 
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Fig. 4. Isotherms of hole concentration vs. tellurium partial 
pressure for tellurium partial pressures close to saturation. 
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concentrations obtained in this manner by 
using the zinc and tellurium saturation 
pressures measured by Brebrick[7] are listed 
in Table 1 and plotted on a logarithmic scale 
against 1 IT in Fig. 5. The data are well repre¬ 
sented by two straight lines with similar 
slopes. In both cases the carrier concentration 
decreases with decreasing temperature. 

The concentration isotherms obtained with 
a zinc reservoir (Fig. 2) were also extra¬ 
polated to the zinc pressures over tellurium- 
saturated ZnTe. These pressures, which were 
calculated from Brebrick’s values [7] for the 
tellurium saturation pressures and for the 
equilibrium constant K a = 4(p Zn )Vr«»« are so 
small that an extrapolation over approximately 
8 orders of magnitude in zinc pressure is 
necessary. The hole concentrations obtained 
in this way are also given in Table 1. At the 



Table 1. Hole concentrations along the 
solidus for both zinc and tellurium saturated 
compositions 


r(°K) 

Zinc saturation 

(cm -3 ) 

Tellurium saturation 
(cnr 3 ) 

1330 


(a) 

5 0 x 10" 

(b) 

50 x 10“ 

1250 

1*8 x 10 17 

3-3 x 10“ 

3-0x 10“ 

1124 

5-2 x 10" 

1-5 x 10" 

1*3 x 10" 

1020 

1 -5 x 10" 

6*0 x 10 17 

5-0x 10' 7 


(a) Values obtained by extrapolation of isotherms 
measured in zinc vapor using equation (1). 

(b) Values obtained by extrapolation of isotherms 
measured in tellurium vapor close to saturation. 

highest temperatures these concentrations are 
close to those obtained by extrapolating the 
tellurium pressure isotherms of Fig. 4, but at 
lower temperatures they are systematically 
higher. 

The hole concentrations reported so far 
were based on the results of measurements 
made at fixed temperatures on samples which 
were in equilibrium with the surrounding 
vapor. In a number of other experiments, 
resistivity and Hall coefficient measurements 
were made as samples were cooled to room 
temperature. Two different cooling rates were 
used, one of about 5°C/min which was obtained 
by turning the furnace power off, and the other 
of about 5 °Clh obtained by programming the 
furnace temperature controller. For samples 
which were initially equilibrated with zinc 
vapor near saturation at temperatures up to 
650°C and then rapidly cooled, the initial 
carrier concentration was retained down to 
approximately 310°C, as shown by the lower 
curve in Fig. 6. Thus the electrically active 
defect concentration characteristic of the 
initial equilibrium temperature was quenched 
in, and changes in p Zn during cooling had no 
effect on the electrical properties. On further 
cooling the hole concentration decreased 
exponentially with 1/T, probably due to the 
de-ionization of the second level of the 
acceptor defect. The slope in this region 
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FROZEN IN CARRIER CONCENTRATION 
IN ZnTe AFTER TREATMENT IN Zn OR Tt VAPOR, 

AS FUNCTION OF t/T 

Fig. 6, Hole concentrations as a function of temperature 
observed during cooling to room temperature from zinc 
saturated (lower curve) and tellurium saturated conditions 
(upper two curves), 

corresponds to an activation energy of 0*20 eV. 
This value is appreciably greater than the 
value of 0* 13-0* 16 eV previously estimated[8] 
for this level from low temperature electrical 
measurements. At the lowest temperatures, 
the slope of the curve decreased, indicating 
that de-ionization of the second level of the 
defect was almost complete at room tempera¬ 
ture. (The fact that de-ionization of the second 
level decreased the hole concentration by 
more than a factor of two results from partial 
compensation of the lower level by donor 
impurities.) When the specimen was re-heated 
at about 5°C/min to the initial equilibration 
temperature, the hole concentration vs. 
temperature curve was retraced with no 
hysteresis, and was not affected by changes 
in reservoir temperature during heating. 

A similar dependence of hole concentra¬ 
tion on temperature, as shown by the upper 
curve in Fig, 6, was observed for specimens 
cooled rapidly after initial equilibration with 


tellurium vapor near saturation. Because of 
the slower kinetics in this composition range, 
the electrically defect concentration could be 
quenched in for initial equilibrium tempera¬ 
tures up to 750°C. At temperatures between 
500 and 100°C, the hole concentration again 
decreased exponentially with an activation 
energy of about 0*20 eV. As in the case of 
zinc saturated specimens, the hole concentra¬ 
tion vs. temperature curve was retraced with 
no hysteresis on heating at about 5°C/min, 
and the tellurium pressure had no effect on 
the electrical properties. 

In other cooling experiments, specimens 
equilibrated at high temperatures with zinc 
or tellurium vapor were cooled to room 
temperature at the slower rate of about 5 °Clh. 
The variation of carrier concentration with 
temperature in a typical experiment, per¬ 
formed on a sample initially equilibrated at a 
tellurium pressure close to saturation, is 
shown by the curve in Fig. 6 marked ‘slow 
cooling’. As in the fast cooling experiments, 
the carrier concentration at first remained 
constant with decreasing temperature and 
then decreased exponentially with 1/7, In 
this case, however, the slope of the straight 
line corresponds to an activation energy of 
only about 0 07 eV, rather than 0-20 eV. 

4. DISCUSSION 

We shall now attempt to interpret the 
experimental results in terms of specific 
models for the native defects in ZnTe. 

For compositions close to the zinc-rich 
limit of the homogeneity range, we observe 
the same pressure dependence of the hole 
concentration as that reported by Thomas 
and Sadowski[l] on the basis of their high 
temperature conductivity measurements. 
The observation that the carrier concentra¬ 
tion is dependent on pressure strongly suggests 
that the hole concentration is controlled by 
native defects rather than impurities. In 
addition the specific form of the dependence 
can be understood easily if the predominant 
defect is a doubly-ionized acceptor (A”) 
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formed by the reaction 

0=A”+2h + Zn(g) (2) 

where h is a hole and Zn(g) is a zinc atom in 
the gas phase. The equilibrium constant for 
this reaction is 

K=[A"]p*p Zn (3) 

where [><"] is the concentration of the defects 
and p is the hole concentration (frequently 
represented by [h ].) Since [A] = pi 2. K — 
1 12 p*Pzn' a °d solving for p yields the observed 
pressure dependence 

p= {2K) il3 (p Zn )~ m . (4) 

The defect concentration obtained from the 
carrier concentration along the Zn-rich solidus 
(Fig. 5) increases from 5 X 10 15 cnr“ 3 at 1000°K 
to9 X 10 16 cm' 3 at 1250°K. 

The simplest point defects in ZnTe that 
would be associated with an excess of Te and 
might be expected to behave as acceptors 
are the zinc vacancy and the tellurium inter¬ 
stitial [9]. Formation of either would be 
consistent with the equilibrium constant 
given by equation (3). A probable identifi¬ 
cation is suggested by the results of the 
cooling experiments and of the equilibrium 
measurements for compositions close to 
tellurium saturation. 

The similarity in shape between the log/? 
vs. 1 IT curves (Fig. 6) obtained in the fast 
cooling (~-5°C/min) experiments with zinc 
and tellurium reservoirs, and particularly the 
agreement between the activation energies 
for the linear portions of the two curves, 
indicates that the same acceptor defect is 
responsible for the holes present in ZnTe 
at both extremes of the homogeneity range. 
The formation of precipitates during fast 
cooling, but only in the experiments with a 
tellurium reservoir, indicates that samples 
sufficiently close to tellurium saturation 
contain an additional defect, whose solubility 


decreases with decreasing temperature. 
This defect is electrically inactive, since its 
precipitation does not affect the carrier 
concentration, and it diffuses more rapidly 
than the acceptor, since the latter also exhibits 
retrograde solubility (see Fig. 5) and would 
therefore precipitate on cooling if it were 
sufficiently mobile. (Precipitation due to the 
retrograde solubility of tellurium has been 
observed for acceptor defects in HgTeflO] 
and PbTe[ll,12].) 

The results of tellurium self-diffusion 
experiments [12] on ZnTe indicate that the 
diffusing species is the tellurium interstitial, 
although they do not establish its electrical 
activity. In addition, data on the pressure 
dependence of chalcogen self-diffusion in the 
II-VI compounds, which are available for 
all these materials except ZnS, can be most 
simply explained by the diffusion of neutral 
chalcogen interstitials [ 13]. Therefore we 
suggest that the mobile, electrically inactive 
defect present in ZnTe is the tellurium inter¬ 
stitial. If this is the case, then by elimination 
the doubly-ionizable acceptor defect is 
probably the zinc vacancy. 

The carrier concentration data obtained in 
equilibrium measurements on ZnTe speci- 
ments with compositions close to tellurium 
saturation cannot be simply interpreted in 
terms of doubly ionized acceptor and electri¬ 
cally inactive defects. If there is no interaction 
between the two types of defects, then 
according to the mass action law the carrier 
concentration in such samples should vary 
with p Zn in the manner given by equation (1), 
just as it does for samples close to zinc satura¬ 
tion. There are significant deviations from 
equation (1), however. The carrier concentra¬ 
tions along the Te-rich solidus predicted by 
this equation (Col. a. Table 1) are appreciably 
higher than those obtained by extrapolating 
the isotherms observed in experiments with 
a tellurium reservoir (Col. b. Table 1), parti¬ 
cularly at the lower temperatures. In addition, 
since (Pzn) 2 Pjet — K 0 I4 for the vapor in equi¬ 
librium with solid ZnTe, equation (1) predicts 
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that the carrier concentration should increase 
as {prj 11 *- The exponents of p T e, observed 
in the experiments with a tellurium reservoir 
are only 0*05-0-10, values significantly less 
than 1/6. 

Deviations from the simple mass action 
relationship given by equation (1) would 
result if the activity coefficients of the free 
holes or the acceptor defects differed from 
unity. The measured hole concentrations were 
always less than 10 per cent of the distribution 
function for holes, so that the activity coeffi¬ 
cient for holes can probably be taken as unity 
through the concentration range[14]. The 
coulombic repulsive interaction between the 
doubly charged acceptors would tend to 
increase their activity coefficient and reduce 
their concentration. However, the average 
separation between the acceptors is 65 A even 
for the highest concentration observed 
(3*5 X 10 l8 cm 3 ). Since the static dielectric 
constant is about 10 (Ref. [8]), for this 
separation the screened coulombic interaction 
term[15] is only about A7710 at 1250°K. which 
is too small to have an appreciable affect on 
the activity coefficient. 

Deviations from the pressure dependence 
given by equation (1) could also result if inter¬ 
actions between the doubly ionized acceptors 
and the electrically inactive defects increased 
the acceptor activity coefficient. Such inter¬ 
actions would become more probable with 
increasing tellurium partial pressure, as the 
concentrations of both types of defects 
increase. Although the possibility of some 
such interaction cannot be eliminated, on the 
basis of the present data it is unlikely that the 
two defects form a bound complex. Since 
the binding energy of such a complex would 
probably not exceed 1 eV (Ref. [6]), its con¬ 
centration would be expected to change 
rapidly due to dissociation over the tempera¬ 
ture range investigated, and there would be 
a correspondingly rapid change in the pressure 
dependence of the carrier concentration. The 
observed change in the slopes of the iso¬ 
therms in Fig. 4 is quite gradual, however. 


Thus we have been unable to formulate a 
defect model which adequately explains the 
equilibrium data for ZnTe with compositions 
close to tellurium saturation. 

In slow cooling (5°C Ih) experiments on 
specimens in this composition range, the 
carrier concentration at first remained constant 
and then decreased with an activation energy 
of 0*07 eV. Since the acceptor defect was 
initially present in these samples, failure 
to observe the 0-20eV level must be due to 
the formation of an associate involving the 
acceptor in such a way as to remove or dis¬ 
place this level. The most probable such 
associate would be with an oppositely charged 
species. An associate between a doubly ioniz- 
able acceptor and a singly ionizable donor 
would be expected [6] to have a single acceptor 
level somewhat deeper than the lower level 
of the isolated acceptor, which is about 
0*05 eV [8]. Evidence for associates of this 
type in tellurium-saturated ZnTe has been 
obtained by Title, Mandel, and Morehead[16] 
in paramagnetic resonance experiments. In 
the resonance experiments the associate 
concentration was greatly reduced by zinc 
saturating the specimens. In agreement with 
this finding, in slow cooling experiments on 
crystals dose to zinc saturation we have 
observed only the 0*20 eV level. 
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DELAYED ELASTICITY RESULTING FROM 
PERIODIC STRESS-INDUCED ATOMIC DIFFUSION 
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Abstract -The internal friction resulting from bulk redistribution of atoms in a periodic stress gradient 
is derived. The calculated internal friction peak agrees well with data on hydrogen in vanadium and 
niobium and deuterium in vanadium. The resulting diffusion parameters are different from these cal¬ 
culated previously with the assumption of a single relaxation time. 


1. INTRODUCTION 

Atoms of different size in solid solution redis¬ 
tribute in a stress gradient, giving rise to 
delayed elasticity, the rate of recovery being 
determined by diffusion of the atoms. Gorsky 
described this elastic after-effect and studied 
it in ordered copper-gold alloys[1]. Recently 
the diffusion of hydrogen and deuterium in 
niobium and vanadium was determined from 
analysis of strain relaxation [2, 3] and internal 
friction [4, 5] experiments. Alefeld el ai[6 ] 
solved the diffusion equation for strain relaxa¬ 
tion and internal friction; solutions were 
presented with a series of terms with different 
relaxation times, but only a single relaxation 
time was used in analysis of the experiments 
cited above. 

In this paper the diffusion equation is solved 
in closed form for the redistribution of atoms 
in a periodic stress gradient in a different way, 
and the internal friction resulting from this 
redistribution is derived. A peak occurs in the 
internal friction at constant temperatures as a 
function of frequency, and this peak is broader 
than the one usually derived for a single relaxa¬ 
tion time. The peak shape agrees well with that 
measured experimentally [4, 5], and this agree¬ 
ment explains the apparent decrease at low 
temperatures in the diffusion coefficient cal¬ 
culated by assuming a single relaxation 
time [4, 5]. The absolute value of the diffusion 
coefficient and the activation energy for diffu¬ 


sion calculated from the present equations and 
the data of Cantelli et al.[ 4, 5] are different 
than the values calculated with the assumption 
of a single relaxation time. 

2. DERIVATION OF EQUATIONS 
The diffusion equation is solved for a 
single diffusing species, with a uniform stress 
gradient dP/dx imposed in one direction, for 
example, by bending a thin sheet or a bar. The 
flux J of diffusing atoms per unit area in the jt- 
direction is 




-D 


/dc cv* dP \ 
\dT RT dx ) 


0 ) 


where D is the diffusion coefficient of the 
atoms, c(jc, /) is their concentration at posi¬ 
tion x and time P is the pressure or stress, 
R is the gas constant, T the absolute tempera¬ 
ture, and v * is an activation volume. It is 
possible to relate r* to the elastic coefficients 
of the matrix and the strain fields of the par¬ 
ticles [6], In using equation (I) it is assumed 
that the activity coefficient of the diffusing 
atoms is constant with concentration. 

The differential equation for diffusion results 
when the flux of equation (1) is substituted 
into the equation of continuity. It is assumed 
that the excess concentration built up by the 
stress gradient over the initial uniform con¬ 
centration is small. The excess concentration 
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ratio s is defined as s ~ (c/c 0 ) — 1, where c 0 is 
the uniform initial concentration, so that s 
1. It is also assumed that dP/dx is constant 
with distance*. Then 


dc 

dt 


H-J) 

dx 


= /) 


d 2 c ds 


dx 2 


, or 


dt 




A solution of this equation with a periodic 
pressure difference A/V"' of frequency /= 
imposed across the slab of thickness L 
is desired, since internal friction is con¬ 
veniently measured with a periodic stress. It 
is assumed that the solution has the form s = 
s 0 e where s 0 is a function of distance but 
not time. Then 

d 2 s 0 _ ijosp 
dx 2 D 


and the solution for .v is 

.v = -y (e“ , '- r — e /,jr ) = 2y sinh (/ijc) (3) 

where 


h= (/w/D) ,/2 = (]+/)( oj/D)" 2 . 


and at x = —L/2 

/ ds\ , . . hL v*P’ ... 

“(it) “ lyh h T“ ~RT ' (4) 

since /(-L/2)=0. With this value of y, 
equation (3) becomes 

v*P' sinh (/tjc) 

RTh cosh(/iL/2)‘ [) 

The relationship between this concentra¬ 
tion distribution and the delayed elasticity 
results from the assumption that there is an 
incremental deformation in the sample that is 
proportional to the excess concentration 
Equation (21) of Alefeld et al[6 ] is based 
on the same assumption. The total elastic 
deformation in a body under periodic applied 
stress A Pe i0)t results from both the normal 
instantaneous deformation determined by the 
‘relaxed’ modulus M R and the delayed 
deformation resulting from the redistribution 
of solute atoms. It is assumed that other 
delayed elastic deformations are negligible. 
Then the deformation d at the sample surface 
* = —L/2 is 


The factor e i<ot is included in the integration 
coefficient y. Only one arbitrary coefficient 
is included in equation 0), because it is 
assumed as a boundary condition that the 
mass of solute is preserved in the slab. Then 
s integrated over the slab is zero, and the 
concentration gradient is symmetrical about 
the center of the slab (x — 0). 

Another boundary condition is that no 
solute flux passes through the slab surfaces 
at * = —L/2 and L/2, from which the coeffi¬ 
cient y is determined. If P* = A/V w '/L is the 
periodic stress gradient, equation (1) is 

_ J = Bs v*P‘ 

Dc 0 dx RT 


A P e ^ 

d = ^-+ic 0 s(-LI2) ( 6 ) 

where £ gives the incremental deformation 
that results from unit excess concentration. 
Again £ can be related to the elastic coefficients 
and strain fields of the particles [6], The 
complex modulus M* is given by [7] 

\Pe i 

= — =M h (1 + /tan8) (7) 

where tan 5 is the internal friction. If tan 8 
1, equations (6) and (7) give 

tanS = ?^ ,ma 8[*(— LI2)] (8) 

then 


tan8 = Ran/3 (1 — tanh 2 (3) -tanh >3(1-4- tan 2 /3) 

RTfi [ i + (tan/3 tan /3) 2 ~ 


with /3 = (<t)l2D) m (LI2). 



DELAYED ELASTICITY 


2213 


The internal friction as a function of fre¬ 
quency at constant temperature, derived from 
this equation, is shown in Fig. I. The peak is 
compared to the one derived for a single 
relaxation time r = : 


tan 8 _ 2wt 

(tan 8) max 1 + (tor) 2 ' 


( 10 ) 


At frequencies lower than maximum the two 
curves are closely similar, both decreasing as 


£,*, from which the absolute value of the diffu¬ 
sion coefficient can be calculated. Thus it is 
not necessary to know values of M R , c 0 , a, or 
v * to calculate the diffusion coefficient; these 
factors determine the height of the internal 
friction peak, not its position. This relation is 
close to that of f m = vDUL 1 — 1 -57 DIU 
found from equation (10). 

The internal friction is usually measured at 
a constant frequency over a range of tem¬ 
peratures. The shape of the resulting internal 



Fig. I. The relative internal friction as a function of frequency, cal* 
culated from equation (9) (line) and the usual loss equation, equation 
(10) (dashed line). 


the frequency decreases at frequencies much 
lower than the maximum. However, on the 
high frequency side the present peak of 
equation (9) decays more slowly than the 
normal one. At frequencies much higher than 
maximum equation (9) decreases with the 
inverse square root of frequency, whereas 
equation (10) decreases in inverse proportion¬ 
ality to the frequency. 

3. COMPARISON WITH EXPERIMENTAL RESULTS 
The peak maximum occurs at fB 2 = 1-19, or 
the frequency f m = 1-18 (8)D/2ttL = 1-50D/ 


friction vs. temperature curve can be cal¬ 
culated from equation (9) by assuming the 
diffusion coefficient D varies with tempera¬ 
ture as D = D 0 exp ( -QIRT ), where D 0 and 
Q , the activation energy, are independent of 
temperature. The wider the internal friction 
peak the lower the activation energy. Thus 
the activation energy for diffusion can be 
determined from a fit of such calculated 
curves with experimental data. 

The data of Cantelli et ai[ 5] for the 
internal friction of deuterium in vanadium are 
compared with the calculated peak in Fig. 2, 
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diffusion coefficient at low temperatures 
[4,5]. However, equation (9) fits their data 
for each of these systems, implying that the 
deviations arise because they assumed 
equation (10) to hold. 

The activation energies Q calculated from 



using an activation energy of 0-10 eV. The t 
is good over the entire temperature range, 
supporting the functional form of equation (9). 

In the three systems listed in Table 1 
Cantelli et al. reported deviations from 
exponential temperature dependence of the 


Fig. 2. The smoothed data of Cantelli et ol.[5] for the internal friction 
of deuterium in vanadium as a function of temperature (circles), com¬ 
pared to the internal friction calculated from equation (9) (line). 


Table I. Activation energy Q and pre¬ 
exponential factor D 0 for diffusion, calcu¬ 
lated from internal friction 


System 

C?,eV 

0„ x 10\cm 2 /sec 

Reference 

H t in V 

0-078 

2-4 

Phis paper, 5 


0-059 

0*44 

5 , 


0-050 

0-35 

3 

D,ii \V 

0-10 

2-3 

This paper, 5 


0-073 

0*31 

5 


0-080 

0-35 

3 

H % in Nb 

0-117 

1-2 

This paper, 4 


o-no 

0-54 

2 


0-109 

0-54 

4 


their data by matching them with the internal 
friction peak of equation (9) are given in 
Table 1. For hydrogen and deuterium in 
vanadium the Q values from equation (9) are 
higher than those calculated by the previous 
workers, but are similar for hydrogen in nio¬ 
bium. The diffusion coefficients at the tem¬ 
peratures of maximum internal friction were 
calculated from the relation given above for 
/ m , and the D 0 values in Table 1 were cal¬ 
culated from these coefficients and the Q 
values. The values of D at maximum internal 
friction were somewhat higher than those 
calculated by the previous workers. The 
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experimental results for hydrogen in niobium 
are less reliable than those for vanadium, be¬ 
cause in niobium a large oxygen peak in the 
region of maximum internal friction from 
hydrogen diffusion makes the peak position 
and activation energy for the latter more 
difficult to determine. 

The comparison with experimental data 
indicates that equation (9) describes the 
internal friction resulting from the redistribu¬ 
tion of atoms in a stress gradient, and that 
the conventional loss equation with a single 
relaxation time is less satisfactory. 
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ANISOTROPY IN THE RESISTIVITY OF NbSe* 

J. EDWARDS and R. F. FRINDT 
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Abstract-The resistivity of the metallic layer structure NbSe 2 has been measured across the layers 
(||c) by a four probe technique which could be used for other layer structures. The temperature 
dependent part of the resistivity was found to be linear in T from 300 to 80°K, and had a T 3 
dependence below 60°K. The ratio of the resistivities p/ic/plc was constant at 31 :1 from 300 to 80°K 
and then fell linearly with temperature. 


1. INTRODUCTION 

NbSe 2 is a metallic compound that crystal¬ 
lises into a hexagonal layer structure! 1]: 
each layer consists of a Se-Nb-Se sheet, 
either two or four layers making up one unit 
cell. The details of the crystallography of 
NbSe 2 and related layer structures may be 
found in the reviews by Hulliger[2J and Wilson 
and Yoffe[3]. 

The bonds between Nb and Se within a 
layer are covalent, while bonds between layers 
are of the weak van der Waals type. As a 
result, many of the properties of NbSe 2 
should show anisotropic behaviour. Measure¬ 
ments of the resistivity of NbSe 2 along the 
layers (lc) have been made[4,5], but in 
spite of recent interest in layer structures, no 
data has yet been published on the aniso¬ 
tropy in resistivity of a metallic layer structure 
such as NbSe 2 « 

This work presents the results of resistivity 
measurements on the two layer modification 
of NbSe 2 by a method that may also be 
extended to semiconducting layer structures. 

2. EXPERIMENTAL 

Single crystals of NbSe 2 were prepared by 
generally following the method described by 
Kershaw et al. [4]. Chemical vapour transport, 
using iodine as the carrier, was employed 
with charge and growth-zone temperatures of 
750 and 700°C for all samples. The purity of 
the elements used was 99*93 per cent for the 


Nb and 99*999 percent for the Se. The result¬ 
ing crystal platelets were of all sizes up to 
2 cm x 2 cm x 0*4 mm thick. The resistivity 
measurements were taken on as-grown 
samples, both parallel and perpendicular to 
the c-axis. 

The method for obtaining a four-terminal 
configuration for measurements parallel to the 
c-axis in layer structures is shown in Fig. 1. 
The voltage probes were partially cleaved from 
the body of the crystal. The connecting wires 
were attached using a conducting silver paste. 



Fig. 1. Arrangement of leads for resistivity measurements 
on layer structures parallel to the c-axis. (Thickness is 
exaggerated for clarity). 
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Typical sample dimensions were 5 mm x 
5 mm x 01 mm thick; the current contact 
area was about 1 mm 2 and the voltage con¬ 
tacts were about 0-005 mm thick. 

Resistivity measurements were made per¬ 
pendicular to the c-axis on some crystals, 
using either a conventional four-probe 
geometry or the van der Pauw method. 

Temperatures below 77°K were measured 
using a gold-iron-silver normal thermocouple 
[6]: above 77°K standard freezing mixtures 
were used. 

3. RESULTS 

Measurements parallel to c were taken on 
nine samples, including a series of six made by 
successive cleaving of one of the thicker 
single crystals. The thickness of these nine 
ranged from 0 007 to 0 08 cm. 


For a typical current contact area (A) of 
1 mm 2 the measured resistivity (RA/t) of the 
samples was independent of thickness (/) for 
thicknesses less than 0-02 cm, but above this 
thickness, the measured resistivity was re¬ 
duced (Fig. 2). Results similar to those in 
Fig. 2 were obtained by a two-dimensional 
analogue method, showing that shape effects 
were detectable for IIt ^ 10, L being the 
contact length. This corresponds in our 
samples to t ^ 0-01 cm. One crystal (#1 in 
Fig. 2) was measured, first with a small 
current contact (~ 30 per cent of crystal area) 
and secondly with a larger contact (~ 80 
per cent of crystal area). Results were ob¬ 
tained that were consistent with the sample 
resistance being a function of the contact 
area, not the crystal area. 

Figure 3 shows the resistivity parallel to 



Fig. 2. Plot of resistivity of NbSe^ parallel to r-axis against thickness for various crystals at 
room temperature. crystal #1 with small contact; ▼, crystal #1 with large contact; ■, 
crystal #3; ♦ , crystal #4; successive cleavings from crystal #5. 






RESISTIVITY OF NbSe* 


2219 



Fig. 3. Plot of resistivity parallel to t-axis against temperature for two 
NbSe 2 crystals. 


c obtained for two crystals as a function of 
temperature. These results were typical of 
those obtained with all seven crystals of 
thickness less than 0*02 cm. 

A logarithmic plot of the ideal resistivity 
/>'(L) both parallel and perpendicular to c 
is shown in Fig, 4. Because of the super¬ 
conducting transition at 7°, there is an un¬ 
certainty in the value of the residual resistivity 
p(0). The value for p(0) was taken to be 
p(7°), and p{T) was consequently given by 
p'(T) = p(T) — p(7°). Our results for 
P±r are in good agreement with the results of 
Lee et ai [5], also shown in Fig. 4. The 
resistivity p\ c has a T :i temperature depend¬ 
ence below approximately 60°K, while 
Pir follows a T 2 law below 45°K. The error 
in the exponents is estimated to be ±0*2. We 
feel that the data is not accurate enough to 
specify the temperature dependence below 
about 20°K. Our value for p(7°) ±f was 
10 x 10' 6 fl cm. 

The ratio of ideal resistivities p[ c /p±c is 
plotted in Fig. 5 as a function of temperature. 


The error bars in Fig. 5 mainly reflect the 
error in the estimates of p(0) and the crystal 
dimensions. 

The superconducting transition tempera¬ 
ture was measured to be 7*0°K with current 
parallel or perpendicular to c*. The measure¬ 
ments showed that any departures of the 
NbSe 2 from stoichiometry were small since 
it has been shown [7] that T r is very sensitive 
to minor variations in niobium concentration. 

4. DISCUSSION 

The anisotropic behaviour of NbSeg shows 
itself in the ratio p'Jp' lc being considerably 
greater than one, and also in the ratio being a 
function of temperature. 

The ideal resistivities pk and pl c are both 
linear in T at temperatures above I00°K 
(Fig. 4). Since ^ = 210°K for NbSe 2 [8], this 
behaviour is typical of most metals [9], 

A full explanation of the low temperature 
observations that p,[ r — T 3 and p’ ±c — T 2 will 
require a knowledge of both the Fermi 
surface and the phonon spectrum of NbSea, 
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Some conjectures about the Fermi surface 
have been made [3] but, as yet, there have been 
no experimental determinations carried out. 
With regard to the phonon spectrum, it has 
been suggested by Krumhansl and Brooks 
110] in the case of graphite, and for layer 
structures in general by Newell[ll] that at 
the lowest temperatures the phonon spectrum 
resembles that of an anisotropic three- 
; dimensional Debye solid, while at higher 
| temperatures, the spectrum will, to a good 
| approximation, resemble that of a two- 
\ dimensional Debye solid. Experimental 
[ confirmations of the theory given by [10] and 
| [11] have been provided by the low-tempera - 
! tore specific heat of graphite[12, 13]. A T 3 
j dependence has been observed for the lattice 
\ specific heat of NbSe 2 and other related layer 
l structures below ]0°K[8], so that NbSe* may 
t resemble a two-dimensional Debye solid in 
r some temperature range above 10°K. 

[ The Hall coefficient for NbSe 2 for current 
i lc is observed to change sign at 26°K, the 
samples going from p -type to n-type on 
cooling [5]. It would be of interest to see if 
similar behaviour is observed for current 
parallel to the oaxis. 
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Abstract—The thermal conductivities of a series of metallic cubic sodium tungsten bronzes with 
0-51 < x ^ 0-86 have been measured from liquid helium to room temperature. The apparent Lorenz 
ratios for the samples have a peak at low temperatures caused by lattice conduction. At high tempera¬ 
tures the apparent Lorenz ratio is constant for each sample and approaches as x increases. The 
lattice conductivity was calculated for sodium vacancy scattering using the Debye approximation to 
the Callaway theory. At low temperatures this calculated lattice conductivity correlated well with 
that obtained by subtracting L^o-T from the measured thermal conductivity. Large deviations occurred 
at high temperature indicating that the high temperature Lorenz ratio for the lower x samples is 
considerably larger than Lo, but approaches L*, at low temperatures. The x = 0-75 ordering of the Na 
atoms enhances the low temperature lattice conductivity, and at high temperatures the ordering 
causes a peak in L/L 0 at x = 0*75. 


1. INTRODUCTION 

T Hfc NON STOICHIOMETRIC compounds MjAVOa 
(where M represents a metal ion) are com¬ 
monly called the tungsten bronzes. Although 
other tungsten bronzes have been investigated 
most of the work has been done on the alkali 
tungsten bronzes and, in particular, on sodium 
tungsten bronze, Na x W0 3 , The sodium 
tungsten bronzes are metallic over the range 
x = 0 25 to 10 and have the cubic Perovskite 
structure above x = 0*48. The sodium atoms 
occupy their lattice sites at random except at 
* = 0-75 where a partial ordering occurs. 
Atoji and Rundlefl] have observed this 
partial ordering of the sodium atoms by 
neutron diffraction studies. 

The metallic properties of Na x W0 3 arise 
from the contribution of a free electron from 
each sodium atom to a conduction band 
formed by tungsten and oxygen orbitals. 
Feinleib, Scouler and Ferretti[2] have sum¬ 
marized the present models for the tungsten 
bronzes and related materials such as Re0 3 
which is also metallic. The model proposed 
by Goodenough[3] which consists of a con¬ 


duction band formed by 7r bonded oxygen 
and tungsten 5 d (/ 20 ) states is consistent with 
most transport property data. The authors 
are not aware of any band structure calcula¬ 
tions for Na x WO a . However, the band 
structure would probably be similar to the 
band structure calculated by Matheiss[4] for 
Re0 3 . 

The electrical transport properties of metallic 
sodium tungsten bronzes have been reviewed 
by Muhlestein and Danielson[5, 6], In addi¬ 
tion, they have reported new results on 
electrically homogeneous crystals. Their 
electrical resistivity data versus sodium 
concentration show a change of slope at 
x = 0*75 where the sodium ions are thought 
to order. Their Hall effect and Seebeck effect 
data also show an anomaly near x = 0-75, 
They interpreted this result in terms of the 
addition of a second band above x = 0*75 
which displays hole conductivity. This 
interpretation agrees with the band model 
proposed by Goodenough[3] for metallic 
sodium tungsten bronzes. 

Measurements of the thermal conductivity 
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should be interesting since it is possible to 
change the free electron concentration in 
these materials without changing the lattice 
symmetry and because of the x = 0-75 order¬ 
ing of the sodium atoms. Since the Lorenz 
ratio should have the theoretical value at low 
temperatures it should be possible to deter¬ 
mine the lattice thermal conductivity at low 
temperatures. The only other known thermal 
conductivity results are those of Shanks and 
Redin [7] who measured several samples at 
temperatures above 300 K. 

2. EXPERIMENTAL PROCEDURE 

The thermal conductivity measurements were made 
with a steady-state heat-flow apparatus of conventional 
design. Electrical resistivity measurements were made on 
the same samples. Below 50 K the sample temperature 
und temperature difference were measured with Cu vs. 
Au + 0‘07 at.%Fe thermocouples. Above 50 K, Cu vs. 
constantan thermocouples were used. The thermo¬ 
couples were fastened to the sample with small Cu clamps 
that were coated with In. The clamp separation was 
determined from the room temperature electrical resist¬ 
ivity, which was measured independently. Therefore, 
the same geometrical factor applied to the thermal 
conductivity and to the electrical resistivity. The power 
input to the sample was calculated from the voltage and 
current that were applied to a healer clamped to one end 
of the sample. Thermal conductivity and electrical 
resistivity data were taken from liquid helium temperature 
to room temperature. Radiative heat losses make the 
thermal conductivity results inaccurate above 200 K. 

The samples were cut from single crystals of Na, WO, 
grown by electrolytic reduction of a melt of Na^WQ* and 
WOj, as described by Shanks. Sidles and Danielson fHJ 
The ^-values were determined from the known relation¬ 
ships between lattice constant and sodium concentration 
f9|„ The samples were approximately 3 mm square by 
15 mm long. Each sample was annealed for 24 hr at 
700 <I C. The room temperature electrical resistivity was 
checked both for magnitude and for homogeneity along 
the sample before any thermal measurements were made. 
The room temperature resistivities are in good agreement 
with those reported by Muhlestcin and DanieJsonj5). 
Table 1 gives the room temperature and liquid helium 
temperature resistivities of our samples. 

3. RESULTS AND DISCUSSION 

The thermal conductivity results are shown 
in Fig. I, For clarity we have omitted data on 
additional samples with x values of 0*86, 0*75 
and 0*51. The results for these additional 
samples are in excellent agreement with the 
data shown in Fig. J. The x = 0-84 sample was 



Fig. I. Thermal conductivities of Na x W0 3 as functions of 
the temperature from 5 to 300 K. 


not measured at liquid helium temperatures; 
this sample was used to check the variation 
of the Lorenz ratio as a function of x at the 
higher temperatures. Our x = 0*51 sample is 
in good agreement with the data of Shanks 
and Redin[7] on a similar sample. The 
temperature dependence of the thermal 
conductivity is similar to that of an impure 
metal or an alloy. The small upturn below 
50 K in the lower x samples is caused by 
lattice conduction. Our electrical resistivity 
results, which were measured at the same time 
as the thermal conductivity, are in excellent 
agreement with those of Muhlestein and 
Danielson (5 J. 

The thermal conductivity of metals has been 
reviewed by KlememsllO] and by Mendels- 

Table l. Sample resistivities 


X 

p ;IO o( 10 ''ohm-cm) 

p 42 (I0 h ohm 

0-86 

15*4 

3-42 

0*86 

(6-8 

3-92 

0-84 

17-1 

4-93 

0-75 

22*9 

7*88 

0-75 

2H 

7-61 

0-70 

27-6 

10-9 

0-63 

37-0 

19-3 

0 51 

54-8 

30*5 
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sohn and Rosenberg[ll]. In metals the elec¬ 
tronic thermal conductivity is related to the 
electrical resistivity by the Wiedemann* 
Franz-Lorenz (WFL) rule. 

K = LTp-\ (1) 

where \ e is the electronic thermal conductivity, 
L the Lorenz ratio, T the absolute tempera¬ 
ture, and p the electrical resistivity. The WFL 
rule should be valid for high temperatures, 
where nearly elastic phonon-electron scatter¬ 
ing dominates, and at very low temperatures, 
where impurity scattering dominates. For 
both cases, L = Lq =( 7 r^/3) (/c/e) 2 = 2*45 X 10 -8 
V 2 IK'\ where k is Boltzmann’s constant and e 
is the electronic charge. At intermediate 
temperatures the WFL rule breaks down, 
and L shows a minimum because inelastic 
phonon-electron scattering limits the thermal 
conductivity much more than it limits the 
electrical conductivity. 

Figure 2 shows the apparent Lorenz ratios 
that were calculated from our measured 
thermal conductivities and electrical resis¬ 
tivities. At the higher temperatures only the 
low x samples show large deviations from L 0 . 
There is no evidence of a minimum in the 
apparent Lorenz ratio that would be caused 
by inelastic phonon-electron scattering. The 
large peaks at low temperatures are caused by 
lattice conduction. 

The measured thermal conductivity is the 
sum of the electronic and lattice contributions. 
At low temperatures the electronic contribu¬ 
tion should be given by equation (1) with 
L~ Ly y Since Na vacancy scattering causes 
the large residua] electrical resistivity of the 
tungsten bronzes, the dip in L caused by 
inelastic phonon-electron normally seen in 
metals should be masked by the elastic Na 
vacancy scattering. Then if we assume 
L = Lq up to 40 or 50 K we can determine the 
lattice thermal conductivity \ f; , from 

kc^k-UTp-'. ( 2 ) 

Figure 3 shows the lattice conductivity calcul- 



Fig. 2. Apparent Lorenz ratios of Na x WO s as functions 
of the temperature from 5 to 300 K. The peaks at low 
temperatures are caused by lattice conduction. 



Fig. 3. Lattice components of the thermal conductivity 
of Na x WO a as functions of the temperature from 5 to 
60 K. The solid curves show the lattice conductivity 
obtained by subtracting L Q <rT from the measured thermal 
conductivity. The plotted points for the respective 
samples were calculated for sodium vacancy scattering 
using the Debye approximation to the Callaway theory. 

ated from equation (2). At low temperatures 
the lattice conductivity shows a temperature 
dependence slightly less than the T 2 depen¬ 
dence which is characteristic of electron- 
phonon scattering in metals. Crystal defects 
such as dislocations also show a similar 
temperature dependence, while more complex 
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defects such as slip planes would produce a 
temperature dependence less than T 1 . At 
higher temperatures the lattice conductivity 
decreases as the temperature increases which 
is characteristic of point defect scattering and 
phonon-phonon scattering. The lattice 
conductivity increases as x increases. If we 
treat the sodium vacancies as point defects 
then we would expect the lattice conductivity 
to increase as the number of sodium vacancies 
decreases; that is as x increases since there are 
(1 — x) sodium vacancies. It should be noted 
that the crystal lattice expands very slowly 
as x increases[9], and this expansion should 
not significantly alter the lattice conduc¬ 
tivity. 

For the samples with x s? 0*70 the lattice 
conductivity decreases approximately as 
T x as the temperature increases. The 
apparent Lorenz ratio approaches L 0 for these 
samples at temperature above 100 K, so that 
the lattice conductivity becomes a very small 
part of the total thermal conductivity except, 
perhaps, at x = 0*75 which we will discuss 
later. Now we need to consider the low x 
samples. If we assume that L = l at the 
higher temperatures for the v = 0-51 sample, 
then the lattice conductivity given by the 
curve in Fig. 3 would continue to rise to a 
value of about 0*065 W/cmK at 200 K. That is 
it would become larger than the lattice con¬ 
ductivity for the high x samples. Alternatively, 
the Lorenz ratio rises above L 0 for thex = 0*51 
sample, and the lattice conductivity decreases 
with temperature as it should if the lattice 
conductivity is limited by point defects 
(Na vacancies) and phonon-phonon scatter¬ 
ing. This last possibility should not be ruled 
out because large deviations from L 0 have 
been observed in transition metals at high 
temperatures where the lattice conductivity 
is smaU[12-14]. 

In order to check this last possibility, we 
have attempted' to fit the lattice conduc¬ 
tivity with the aid of the Debye approximation 
to the Callaway theory [15], In this approx¬ 
imation the lattice conductivity, A r; , can be 


expressed as 


K; 


k 

ItPc 



y%> 

(e v — lY 


dy , 


(3) 


where c is an average sound velocity, 0 is the 
Debye temperature, y = hoj/kT , where w is the 
phonon angular frequency, and r c is a com¬ 
bined relaxation time found by the reciprocal 
addition of the relaxation times for the scatter¬ 
ing processes present. 

For t c we used 


Tr -i = c/D + Aw 4 + E(»IT + Ba) 2 T*exp(-0laT). 

(4) 


The first term represents scattering by the 
crystal boundaries and was left in only to 
insure convergence of the computer program 
for small values of y. The second term 
represents point defect scattering. Klemens 
[16] has derived an expression for A for the 
case of mass difference scattering. The largest 
mass defects present are the Na vacancies, 
if we ignore any isotope or impurity mass 
effects, Klemens’ expression becomes 


A = 


V 

AftC* 


( 1 -*), 


(5) 


where V is the molecular volume and (1 — x ) 
is the number of Na vacancies per moleeule 
randomly distributed throughout the crystal. 
The third term was used to represent the 
electron-phonon scattering which dominates 
the lattice conductivity at low temperatures. 
For ordinary metals this term should be E<d 
which gives a T l dependence. However, if the 
phonon wavelength is longer than the electron 
mean free path the adiabatic approximation 
breaks down; Pippard[17] has treated this 
case and finds a term Ew 2 when the phonon 
wavelength is much longer than the electron 
mean free path. The last term represents 
phonon-phonon scattering. 

A sound velocity of 4 x 10 5 cm/sec [18] and 
a Debye temperature of 500 K[19] was used 
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in equation (3) to calculate the lattice con¬ 
ductivity. The initial fit was made for the 
x = 0-86 sample. The phonon-phonon scatter¬ 
ing parameters B and a were adjusted to fit 
the lattice conductivity near 60 K. The 
parameter a changes the slope of A vs. T in 
this range. The point defect parameter A was 
then adjusted to give a fit near the thermal 
conductivity maximum and E adjust for a low 
temperature fit. The point defect term was 
then scaled as (1 — x) to calculate the lattice 
conductivity for the other samples with the 
phonon-phonon term held constant. We 
found E = 4 x 10-"K, B = 3-5 x lO" 22 sec K~ 2 , 
a = 5 and the point defect term A =9-3 x 10~ 41 
x (1 — x) sec 3 gave a good fit to the lattice 
conductivity on all but the x = 0-75 samples. 
The results of the calculation are shown as the 
points in Fig. 3. Equation (5) gives A — 7-2 x 
10 " (l—x); considering the approximations 
involved the agreement is excellent. Both 
the a> and w 2 forms for electron-phonon 
scattering were tried in equation (4). Neither 
form would fit the low temperature data. The 
Ea>IT term was finally used since it seemed to 
fit the measured A,, fairly well. Evidently, 
the electron-phonon scattering cuts off as the 
temperature increases. The term used in 
equation (4) probably should not be inter¬ 
preted as representing the actual electron- 
phonon scattering rate. E had a negligible 
effect on the results above 30 K. We see that 
the Na vacancy term gives good agreement 
with the measured lattice conductivity except 
at x — 0-75. 

For x = 0-75 the measured lattice conduc¬ 
tivity (from equation (2) with L = L,,) is much 
higher than the conductivity calculated from 
equation (3) for Na vacancy scattering. The 
point defect term. Aw 4 , requires that the 
defects are randomly distributed throughout 
the crystal. At x = 0-75 the Na ions are 
ordered[l], and, therefore, the thermal 
conductivity should be much higher than the 
result for random vacancies. The solid 
points shown in Fig. 3 are the curve calculated 
for the x = 0-75 sample with A adjusted to 


1*5 x 10 -41 sec 3 rather than the value of 2-3 x 
10 -41 sec 3 which scales with the values used 
for other x values. 

At low temperatures lattice conduction is 
as much as 50 per cent of the total thermal 
conductivity. We can use equation (3) with 
(4) to extrapolate the lattice conductivity to 
higher temperatures. For the x = 0-51 sample 
the lattice conductivity decreases to a value 
of 6 5 x 10 -3 IF/cm-K at 200 K which is less 
than 4 per cent of the total thermal conduc¬ 
tivity. Similar results hold for the other 
samples. Therefore, we conclude that the 
large Lorenz ratios at high temperature for the 
low x samples are an electronic effect and are 
not caused by the lattice thermal conductivity. 
By subtracting the theoretical lattice conduc¬ 
tivity calculated from equation (3) from the 
total thermal conductivity we can estimate 
the electronic contribution and then calculate 
a Lorenz ratio that contains only the electronic 
contribution. Figure 4 shows L/Lovs. T for 
the x = 0-51 sample. The increase of L/Lo at 
high temperatures is much smaller for the 
higher x samples. Figure 5 gives a plot of 
ULq vs. x at 200 K. 

Klemens[20] has pointed out that L is not 
only a consequence of the equivalence of the 
elastic relaxation times for electrical and 



T (K) 


Fig. 4. Ratio of the calculated Lorenz ratio to the theor¬ 
etical Lorenz ratio for x=0‘51 as a function of the 
temperature from 5 to 200 K.. The calculated Lorenz ratio 
was found by assuming that the difference between the 
experimental total thermal conductivity and the theoret¬ 
ical lattice conductivity was the electronic component 
of the thermal conductivity. 
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5. Ratio of the calculated Lorenz ratio of Na^WOa to 
the theoretical Lorenz ratio as a function of or at 200 K 
At this high temperature the lattice conductivity is very 
small compared to the electronic conductivity so that the 
calculated Lorenz ratio can be obtained using the experi¬ 
mental thermal conductivity. 

thermal conduction but that it also includes 
the energy dependence of the density of states 
and scattering processes within a few kT of 
the Fermi surface. Since the band structure of 
the transition metals and transition metal 
compounds is complex, one would expect 
significant deviations of L from L„. Such 
deviations have been observed in Th|l2J, Cr 
113), and Ti and Hff 14). The deviations of L 
from L„ can be related to the ratio of the 
Fermi energy. E, , to kT with the deviations 
becoming larger as AT approaches E r , that is. 
as the temperature increases. Recently, 
Goff[13] has discussed the Lorenz ratio of 
Cr in these terms. Detailed models of the 
band structure and Fermi surface of the 
tungsten bronzes are not yet available[2]; 
however, the conduction bands are thought 
to have a narrow ff-like character).!). For our 
lower x samples the Fermi energy is reduced, 
E/ax' m , and the deviation of L from L ( , should 
be larger for the low x samples. 

Figure 5 also shows a small peak in LIL t) 
near x = 0-75 where the Na atoms are 
ordered)!]. Muhlestein and Danielson 15,6] 
have observed anomalies in the electrical 
conductivity, the Seebeck coefficient and in 


the Hall coefficient in the vicinity of the x = 
0-75 ordering. They have interpreted their 
results in terms of the formation of a super 
zone at x = 0-75 which cuts the original 
Brillouin zone in half. Our electrical resis¬ 
tivity results are in excellent agreement with 
those of Muhlestein and Danielson. The low 
temperature lattice conductivity was enhanced 
for the x = 0-75 samples, so that the peak in 
LIL„ may be the result of incorrectly subtract¬ 
ing the lattice term. However, if the lattice 
term for the x = 0-75 samples decreases as 
the temperature increases at the same rate as 
it does for the other samples the lattice con¬ 
tribution then accounts for less than half of 
the peak in LjL^. The Hall coefficient, as 
measured by Muhlestein and Danielson, 
varies less rapidly with x in the vicinity of 
x — 0-75 than it would if only one kind of 
carrier were present. They interpreted their 
result in terms of a second band which 
displayed hole conduction. This interpretation 
is consistent with the band model of Good- 
enough which has a second conduction band 
for0-75 < x < 0-86. 

Gallo)21J has discussed the Lorenz ratio 
tor metals when there are two kinds of carriers. 
He obtains an increase in L that is caused by 
the separate diffusion of the electrons and 
holes. The result is similar to the well known 
bipolar diffusion in semiconductors; but it is, 
of course, much smaller since an energy gap 
does not enhance the thermal transport. 
Therefore, at least part of the peak in L/L 0 
near \ = 0-75 is caused by the electronic 
thermal conductivity. 

4. SUMMARY 

The thermal conductivity of a series of 
cubic sodium tungsten bronze samples with 
0-51 < x < 0-86 has been measured from 
liquid helium temperature to room tempera¬ 
ture. At low temperatures the lattice conduc¬ 
tivity is a significant part of the total thermal 
conductivity. The lattice conductivity was 
analyzed in terms of the Callaway [15] theory. 
For all samples, except x = 0-75 samples, the 
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point defect term agreed with Klemens’ 
expression for mass defect scattering and went 
as 1 — x; this result indicated that Na vacancy 
scattering was the dominant scattering me¬ 
chanism. The lattice conductivity decreases as 
the temperature increases and it becomes a 
very small part of the total thermal conductiv¬ 
ity. The result is that the electronic contribu¬ 
tion at the higher temperatures for low x 
samples is larger than that predicted by the 
theoretical WFL rule and L rises above L 0 at 
high temperatures for the low x samples. This 
result can be qualitatively understood in 
terms of the narrow d-like character of the 
conduction band. The x = 0-75 ordering of 
the Na atoms shows up in the low temperature 
lattice conductivity, and at high temperatures 
the ordering causes a peak in L/L 0 at jc = 0-75. 
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THEORY OF LOCAL OSCILLATION OF 
SUBSTITUTIONAL DEFECTS NEAR A FREE SURFACE 
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Abstract —An impurity atom substituting for a host atom near the surface of a discrete semiinfinite 
lattice can give rise to local oscillation. In general the conditions for local oscillation are low defect 
mass and strong binding of the impurity to its ligands. Results have been computed for a monatomic 
cubic crystal for both impurity atoms at and near the surface and are shown in Figs. 3, 4 and 5, of the 
text. Rotational invariance requires that force constants at the surface be different from bulk force 
constants. These surface forces give rise to surface waves, even where they have been reported absent 
in monatomic cubic crystals with nearest-neighbor forces only. These forces also influence the 
dynamics of local modes of surface impurities. It is shown that surface forces can be taken into account 
quantitatively as a perturbation of an ideal semiinfinite crystal if the eigenfrequency of the local mode 
is large enough, say twice the lattice frequency. For very large frequencies and small impurity mass 
the limit of the Einstein model is reached. 

An infrared absorption experiment is proposed to detect local oscillation of surface impurities. 


1. INTRODUCTION 

Stationary vibrations which extend over a 
small part of a solid arise either from defects 
or geometrical termination of the solid. Such 
vibrations, called local modes, are charac¬ 
terized by an amplitude which decreases 
exponentially with the distance from the 
defect, or the surface, edge or comer, respect¬ 
ively. 

Local modes at defects have been predicted 
by Lifshitz[l] and coworkers and independ¬ 
ently by Montroll and Potts[2]. The first 
experimental evidence was given by Schafer 
[3] who found an infrared absorption peak of 
H and D in KCI and was able to identify it 
as arising from a local mode due to its isotope 
effect. 

The theory of elastic surface modes dates 
back to 1887 when Lord Rayleigh [4] found 
solutions of the wave equations for an isotropic 
semiinfinite medium which indicated waves 
propagating along the surface with an am¬ 
plitude decreasing exponentially with the 


*Part of this work was performed while the author was 
at BatteHe Institute, Carouge, Switzerland. 


distance from the surface. Such waves, seismic 
and water waves, have of course been 
known before. Crystalline surface waves also 
exist; Wallis [5] has shown that surfaces 
of all dimensions less than 3 give rise to 
oscillation in diatomic crystals but fail to 
do so in monatomic crystals with only nearest- 
neighbor forces. Crystalline surface waves 
are generated by digital acoustic transducers 
16]. 

Since a defect can give rise to local oscilla¬ 
tions in a solid, one suspects that it can do so 
when placed near the surface or even at the 
surface. One can guess further that the local 
mode frequency depends on the site of the 
defect, and reaches its bulk value far enough 
away from the surface. Of all the vibrational 
properties of defects, the local modes are the 
easiest to detect. A vast amount of H , D , Li 6 
and Li 7 substitutional ions have been ob¬ 
served in ionic crystals by infrared spectro¬ 
scopy. This work as well as theoretical work 
on defects in solids has been reviewed by 
Maradudin et at,[ 7], 

Isolated defects at surfaces have received 
relatively little attention in the past, presum- 
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ably because it is very hard to produce and 
reproduce ideal surfaces. They are, however, 
of considerable technical interest, e.g. : 

1. Adsorption and desorption are now used 
to obtain ultrahigh vacuum [8]. 

2. Surface catalysis[9] may be caused by 
irregularities and impurities on solid surfaces. 

3. Crystal growth! 10] results from adsorp¬ 
tion of particles from the vapor phase on a 
surface, and is an instance where surface 
defects are detrimental. 

4. Vacancies are attracted by boundaries 
and dislocation lines. This probably leads to 
growth of cavities and finally to creep and 
fatigue failures of metals [ 1II. One can hope to 
explain these phenomena better and even 
control the processes involved, once the role 
of the adsorbed atom at a surface is understood. 

This paper sets out to predict the behavior 
of local modes of defects located anywhere 
in a semiinfinite crystal. The model is essen¬ 
tially the same as for bulk defects except 
that the vibrational states of the unperturbed 
crystal are adjusted to the loss of transla¬ 
tional symmetry in one direction. Our model 
does predict local oscillation of adsorbed 
atoms under conditions which should be 
easily satisfied in nature. Thus it is felt that 
the same techniques that have been used to 
detect If centers should also prove successful 
for the detection of adatoms. 

The remainder of this work is divided into 
the following parts: The next section describes 
a model involving forces between ions of a 
semiinfinite lattice and forces between a defect 
and its surroundings. Lattice Green’s func¬ 
tion technique is used to calculate the eigen- 
frequencies of this model. Section 3 is devoted 
to the relative stability of defects near a 
surface. In Section 4 the validity of the model 
is investigated and a comparison to more 
and less accurate models is made. Finally, a 
short section is devoted to experimental 
consequences of local oscillation of surface 
defects. 


2. DYNAMICS OF DEFECTS IN A SEMI¬ 
INFINITE LATTICE 

(a) Model Hamiltonian, outline of solution 
The Hamiltonian describing the motion of 
ionic point charges in a simple cubic lattice 
is given by 

2M m ) 

mi 


+ 1 ^ m’)u { (m)uj(m'). (l) 


Here i and j denote Cartesian directions 
jr, v, z\ and m indicate lattice points. The 
defect shall have the index m = m A and a 
mass M{m d ) ~ m 0 . whereas the bulk masses 
M m ~M, m # m d . The force constants 
around the defect have only point symmetry 
of the defect, whereas outside this region and 
away from the surface, they have transla¬ 
tional symmetry, i.e., they depend only on 
m — m*. In order to restrict the lattice to the 
one half space below the surface, one pos¬ 
tulates m') = 0 if m and m' denote sites 
in different half spaces, 

The equations of motion deduced from this 
Hamiltonian are 


m')u 5 (m'). (2) 

m'j 

If the equation for harmonic motion 

Hi = M, 0 exp io)t (3) 

is inserted in (2) then one finds 

2 ~ ‘Mm, m' )}w,(m) = 0 (4) 

J.m v 7 

which leads to the consistency equation 

det (M m b j 2 S mw , - m ’)) = 0. (5) 

Equation (5) determines the eigenfrequencies 
of the system, whereas the eigenvectors are 
obtained from (4) after insertion of w. 

In order to solve (5) it is advantageous to 
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ta lc* recourse in the known properties of an 
ideal lattice having no defects. Lifshitz[l], 
and later Montroll and Potts [2] introduced 
this method in their search for local oscilla¬ 
tion of defects in different models. We sketch 
an outline of how the method works; details 
are to be found in Ref. [7]. If (4) is written in 
compact form, 

Ru = 0, (6) 

where R stands for 

R u {m,m')... ~<Pij{m, m'), (7) 

then we can put R = L — D where L contains 
only forces and masses of the ideal lattice, 
whereas D accounts for changes thereof due 
to the introduction of defects. Formally one 
can multiply (7) by L~ x from the left to get 

L- l (L-D)u = (l~L~'D)u = 0. (8) 

This leads to the consistency relation [12] 

det (L~ X D— 1) = 0. (9) 

L~ { — G is called the lattice Green’s function. 
Both L~' and D depend on w. Equation (9) 
therefore is a condition that can serve to 
determine the parameter co. Equation (9) is of 
order 3(TV -T 1) where N is the number of 
atoms interacting direct with the defect due to 
a change of force constants. The original 
equation (5) is equivalent to (9) but of infinite 
order. The price to be paid for this drastic 
reduction of order is the evaluation of 3(N + 1) 
matrix elements of the lattice Green’s func¬ 
tion. 

The only three-dimensional lattices where 
Green’s functions have been evaluated are 
the simple cubic infinite and semiinfinite 
lattices with nearest-neighbor interactions 
only. This determines the choice of the force 
constants <t> (J entering equations (1) through 
(9). The model of simple cubic lattice with 
nearest-neighbor interaction has been in¬ 


troduced by Rosenstock and Newell[l3]. 
Each ion is bound to its nearest-neighbor by a 
central force a and a noncentral force /3. Thus 
the force matrices for the ideal lattice are 
diagonal in the cartesian coordination 

f <' 

<t>,. — 'fyjfntr, m„, m„ m x ± 1, m,) = 

a 0 0\ 

0/30) (io) 

0 00 / 

for all m z 2* 0 and similarly for neighbors in 
the y and i direction. AH other force constants 
are put at zero except the self force which is 
determined by the criterion that the Hamil¬ 
tonian be translationally invariant[7], 

m) = 4> 0 = (2a4- 4/3) 1, (II) 

1 being the unit matrix. 

A surface in the x — y plane at m z = — i puts 
the force constants 

0 ; m x , 1 ) = 0 . ( 12 ) 

The self-forces at the surface are thus 

4>(m x , 0; m x% 0) 

2a+ 3/3 0 0 \ 

0 2a + 3/3 0 . (13) 

0 0 a+ 4/3/ 

Figure 1 shows a schematic view of the surface 
region. An impurity atom can occupy a site 
m z = 0 as shown (surface defect), m z ^ 1 
(bulk defect) or m* = — 1 (adatom). In the 
case of an adatom we shall relocate the defect 
to the site m z = 0 and consider all bonds 
except to m z — 1 as non-existent. This leaves 
all force constants in the defect region un¬ 
changed. 

Wallis has shown that in such a semiinfinite 
lattice no coupling exists between displace¬ 
ments of any atoms in different cartesian 
coordinates. This follows from the fact that 
ail force matrices are diagonal. Consequently 
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m z 

Fig. I. Defect site at the surface in the Rosenstock- 
Newell model. 


there can be no surface modes. On the other 
hand, cubic crystals with continuous mass 
distribution do exhibit surface waves!13]. 
Thus the Rosenstock-Newell model gives 
incorrect results in the continuous limit. 

Ludwig and Lengeler[14] have pointed out 
that this discrepancy arises from the fact that 
the Hamiltonian based on equations (10) 
through (13) does not have rotational in¬ 
variance. They also showed that rotational 
invariance can be restored by introducing 
additional coupling constants S between 
surface atoms. Their forces destroy the 
R-N symmetry of the semiinfinite lattice by 
coupling different components of displace¬ 
ments. The inclusion of off-diagonal terms in 
the force matrices gives rise to considerable 
mathematical complication. Ln order to benefit 
from (9) it is advantageous to define an ideal 

G 0 Un, ,m 2 ,m a ) = tt ~ 3 J [ 


between the real forces in the defect region 
and the lattice forces. Neglecting surface 
forces in the R-N model, both are diagonal 
and can be written as a direct sum 

D = D XX + D VV + D„ (14) 

where, for example, D xx connects all dis¬ 
placements in the jc-direction of the defect 
and its ligands. 

In a vector space, given by the displace¬ 
ments of the atoms (00 m*), (1 0m 2 ),(-l 0 m*), 
(0 1 m z ), (0 —1 mj, (0 0m,+ 1), (0 0m s -1), 
in the A-direction, the D matrices read as 
follows: 



(15) 


The matrix elements d k are given explicitly 
in Table 1. 

Now we proceed to the evaluation of the 
Green’s functions (10). Green’s functions 
of an eigenvalue problem such as (4) are 
given by [151 

G(co) = V-^^ (16) 

^ (D-CD k 

where and u K are the eigenvalues and 
eigenvectors of (4). In the case of continuous 
spectra such as provided by an infinite ideal 
lattice the sum over k becomes an integral 
which in three dimension reads 

cos nygi cos m 2 y 2 cos m a ^ 3 _ ( 17 ) 

* cos <p x )~ 20(1 — cos <p 2 ) — 2a(l - cos <p 3 ) 


lattice L given by (10) through (13) and take 
the surface forces S into account as a perturba¬ 
tion. The consequences of these off-diagonal 
terms will be treated in more detail in Section 
4. 

The defect matrix is given by the difference 


G 0 depends only on the difference vector m 
between two lattice points, reflecting transla¬ 
tional symmetry. Some of these Green’s 
functions have been evaluated numerically 
[ 16] and we shall reproduce here the largest 
ones in Fig. 2 to note that they decrease with 
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Table 1. 


Site 


Matrix 


Elements 

Bulk 

* 1 

D„ 

<k 

«/* + 26 + 47, 

d\ d 2 d 3 <J 4 df, d$ 

” Tf —TJ —Tj Tj —5 —8 

Surface 

0 

D„ 

e/ 2 + 6 + 4t) 

—1) Q-6 

Adatom 

- i 

D„ 

c/* + $-4/3 

P P P 0 0-6 

Bulk 

s? I 

D rx 

c/ 2 + 28 + 4 7) 

-6 —6 -t i-y—n-y 

Surface 

0 

£>„ 

€/ z + 28+3t) 

— 6— 5— *)— t) 0—tj 

Adatom 

-1 

D„ 

e/ 2 — 2tt — 3/3 + b a a (3 (3 0 —r) 


All matrix elements are in units of 
/- 

a = central force constant between defect and nearest neighbor 
b = noncentral force constant between defect and nearest neighbor 
8 « a — a 


t) — h-li 
P = OJ 2 /^ 2 

€ — {M — 


increasing frequency and with increasing 
lattice vector. The numbering of the basis 
vectors m is the same as that of (15). 


q Mw 2 



w 2 /w£ 


Fig. 2. Coupled displacements at a surface derived from 
a rotationally invariant Hamiltonian involving nearest- 
neighbor interaction only. 


The Green's functions for the semiinfinite 
lattice have also been derived by Montroll and 
Potts [21. If the lattice is to fill the positive 
half-space with free surface atoms at m K = 0, 
the eigenvectors satisfying the boundary 
condition are 

(m)-(2/N) ,/2 

xcos [(2m+ \)ttJI2N] exp i{kx+ly) (18) 

with eigenvalues 

kj = Mco 2 ~ 2y( 1 — cos ttjIN) 
j = (19) 

These eigenvectors and eigenvalues inserted 
in (16) yield the Green’s functions G for the 
semiinfinite lattice in terms of the Green’s 
function for the infinite lattice, G 0 , 

G(m x , m y , m z ) = G 0 (m x , m v , m z ) 

+ G 0 (/n x , m v , 2m t + 1 )+ 0( 1 IN ). (20) 

This result has also been derived by Dob- 
rzynski and Mills [17] who use it to determine 
properties of absorbed layers. The term of 
order UN is of no practical importance. The 
Green’s functions for the R-N semiinfinite 
lattice can also be written as a direct product 
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of cartesian components 

G = G x j. + + G zz . (21) 

Since both G and D are expressed as direct 
sums of their diagonal coordinates, the con¬ 
sistency equation (9) factorizes: 

det (GD- 1) - det (G XX D XX - 1) 

x det (C W D„ — 1) det (G iZ D zz — 1) = 0. (22) 

Each of the three terms gives rise to equations 
of order 7. Equation (22) can be factorized 
further by taking into account C 4r point 
symmetry of the Hamiltonian. The displace¬ 
ments of the defect and its nearest neighbors 
transform according to the irreducible rep¬ 
resentations of the C 4v group, namely, 

u - 5F, -h J'a + 2F 3 4- T 4 + 6IV (23) 

Thus equations of order 5, L 2, l, 6 are to be 
solved. In the present case the reduction in 
dimension from 7 to 6 or less is insufficient 
to justify the trouble of performing it. Local 
mode frequencies will be evaluated using the 
consistency relation in the form of (22). 

(b) Eigenfrequcncies 

For particle motion perpendicular to the 
surface the third factor of the left-hand side 
of (22) is relevant. In order to facilitate num¬ 
erical computation, (22) is written as an 
eigenvalue equation 

det {G zz D xz — \) — 0. (24) 

Solutions of (24) have been computed on an 
IBM 360 computer and the defect parameters 
entering G and D have been varied until 
solutions A = 1 were found. Equation (24) 
depends on the parameters a>, a/fi, a y b and 
m , and gives one relation between them. By 
specifying the substrate, one parameter, 
namely, a//3 can be fixed. The substrate 


which most resembles a monatomic lattice 
is KC1 with a Ip very large. Tabulated Green’s 
functions exist for a Ip = 2 N up to 16, thus we 
chose alp = 16. Since it can be expected that 
alb is also large we neglected any change in 
b and put b = 0. This enabled us to determine 
the eigenfrequency as a function of the defect 
mass and the central binding force and present 
it in the form of graphs. 

Figure 3 shows the eigenfrequency as a 
function of defect mass for defects in the 
interior of the lattice. Curves are given for 
ala = 1 and 1*5. The case m z = « represents 
a bulk defect in the absence of a surface, since 
according to (20), G = G 0 for large arguments 
m z . 

In the case of ala = 1 our result corresponds 
to that by Maradudin. The substitutional 
defect situated just below the surface, at 
m z = 1, shows almost the same properties 
as the bulk defect. Evidently the presence of 
a surface is not felt very far in the interior of 
a crystal if only nearest-neighbor forces are 
considered. Note that a finite amount of 
defect mass or defect force is required for 
local oscillation. 

Figure 4 shows a similar plot for substitu¬ 
tional surface atoms and adatoms. These 
defects have quite different eigenfrequencies 
than bulk defects, due to the fact that they are 
bound to the substrate with one central force 
instead of two. Local oscillation takes, place 
if either the mass defect exceeds 0-25 or if the 
force defect exceeds 0 5. 

The adatom has almost the same eigen¬ 
frequencies as the surface atoms since they 
differ only by shear forces. If the ratio of 
defect mass to lattice mass is made arbitrarily 
small, the local mode frequency approaches 
the Einstein frequency, which is obtained 
assuming all atoms fixed except the adatom. 
This is a check of the present theory in the 
limit of large frequencies. Figure 5 shows the 
Einstein frequency of the surface atom, oj = 
(aT 4b) +U2 lM +ll2 y and local mode frequencies 
as a function of mass defect and force defect. 



THEORY OF LOCAL OSCILLATION 


2237 



(c) Oscillation parallel to the surface 

For bulk defects removed from the surface, 
oscillations in all three directions are deg¬ 
enerate due to cubic symmetry. At the surface 
the oscillation frequency changes by an 
amount of 0((3) since only one shear constant 
is removed. It will become evident in Section 
4 that within the accuracy of our treatment, 
parallel local oscillation frequencies are the 
same as those of bulk modes. 


where the sum includes all eigenfrequencies 
of a crystal. The difference of energy due to 
the introduction of a defect is 

A£ = |]T («*-*>*„) (26) 

where (D k() are the eigenfrequencies of an 
unperturbed lattice. According to Montroll 
and Potts [2] this sum can be expressed in 
terms of the defect formalism 


3. STABILITY OF DEFECTS AT THE SURFACE 

Montroll and Potts have observed that 
attractive and repulsive forces exist between 
a surface and an isotopic defect. We wish to 
generalize their results for all impurities in 
order to determine which sites can be stable. 
The zero point energy of a harmonic crystal 
is given by 


k 


cc 

= — j [logdet G(i'co)D(/o>) — l]dcu. 

(27) 


This can be simplified considerably if it is 
assumed that both mass defect and force 
defect are small compared to unity. Then for 
e < 1,6 < 1 , 



G mm (w)D mm (co)\ do) 

7 (28) 


(25) 
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Fig. 4. Focal oscillation frequency of defects near the surface as a function of impurity mass and force. 


where m denotes all the lattice points of the 
defect region. Montroll and Potts have 
evaluated (27) and (28) for the limit (3 0 

for the isotopic defect. For 5 = 0 the zero 
energy becomes 


for the defects at a distance m z from a surface. 
For surface sites, 

AE ~t(7 + ‘) - <321 


AE = j ftaj,, j- 1 + (1 - t 2 ) 1 ' 2 (1 arc sin «U. 

(29) 

It is straightforward to include the defect 
force 8 = (a — a)/a as long as 5 <3? I. To first 
order in e and 5, 

„ hoj, (8 . \ 

£ ~ ~2w \2 + / (W 

for defects in the infinite lattice, and 

AE = ^(| + c)(l-l / l 6 w, 2) (31) 


where 5' is the binding force of the surface 
atom which is not necessarily the same as 
5. Both are taken in units of A/c^ 2 . The zero 
point energy for the different sites is shown in 
Fig. 6. Surface defects are stable with respect 
to diffusion if 5' ^ 25, i.e., for strongly 
adsorbed atoms. Thus atoms which occupy a 
stable surface site should exhibit local modes 
if their mass is smaller than that of the sub¬ 
strate. It should be borne in mind that these 
equations are valid for 5 and e < 1, and that 
in the more interesting cases 5—1. Equa¬ 
tions (30), (31) and (32) give only the first 
term of an infinite series in 5 and 6. Qual- 
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Fig. 5. Local oscillation frequency of surface impurities and absorbed atoms as a function of impurity 

mass and force. 


itatively the above conclusion should still 
hold for larger S and e, since the zero point 
energy is a monotonous function of both 
defect mass and force. 

4. EFFECT OF ROTATIONALLY INVARIANT 
SURFACE FORCES ON AN R-/V MODEL 

Consider the site (0,0,0) of an R-M semi¬ 
infinite lattice with all atoms at the equilib¬ 
rium position. An infinitesimal rotation o) u 
about the y axis through the origin displaces 
the atoms at ± 1,0,0 by ido^ and the atom at 
0,0,1 by dcu w , where d is the lattice distance. 

The force on the atom at the origin after 
rotation is given by 

^{*'(0, 0,0)} = j3{i/'(0,0, l) — w'(0,0,0)} 

+ PW( 1,0,0) — «'(— 1,0,0) — 2«'(0,0,0)} 

= (0d^,O,O). (33) 


Thus a force of magnitude fidu> v acts in the 
x-direction. Obviously, before rotation 

F{u( 0,0,0)} = 0. (34) 

This is clearly a violation of the principle that 
forces between lattice points should be in¬ 
variant against rigid body rotation. 

As Ludwig and Lengeler[14] have shown, 
the R-N mode) can be made rotationally 
invariant by the introduction of surface forces 
between nearest neighbors at the surface, 

/ 00 ± 1 \ 

5(000, ± 100) = 0/2 00 0 (35a) 

\hF10 0/ 

/0 0 0\ 

5(000,0±10) = 0/2 0 0±1 . (35b) 
\0 + l 0/ 
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Zero point 
energy 

♦ * >0 “ " 


8' 

T 


Surface 



Strong binding, low mass 


limit d->0[18]. It is intuitively clear that 
these warping forces give rise to surface 
waves in the harmonic approximation and 
we shall show that these forces give rise to 
new eigenfrequencies not covered by bulk 
modes. 

Starting with the force matrix for the un¬ 
corrected semiinfinite lattice L t one can 
introduce the surface correction S and obtain 
a rotationally invariant Green’s function 


0 I 1 


2 


Impurity 

-► site 

3 4 5 


G rL -(L + 5)" 1 . (36) 



Since all elements of S are of order /3, the 
Weak binding, large mass Dyson series 



Fig. 6. C omparison of local mode frequencies and Einstein 
frequencies in the limit of small defect mass. 


G rA = G — GSG + GSGSG - (37) 

converges and can be terminated after the 
second term, i.e., linear in /3. The rotationally 
invariant Green’s function is obviously no 
longer diagonal in the cartesian coordinates 
but of the form 


These force constants couple displacements 
as shown in Fig. 7. If atom 0 is displaced at an 
angle of 45° with respect to the surface, both 
neighboring atoms are displaced at ±90° to 
the original atom by the action of the surface 
force. These displacements extend over the 
whole surface, giving rise to static warping. 
Since they depend linearly on the lattice 
constant d they are absent in the continuous 


((G xs ) (0) (G„)\ 

G,, = ( 0 (G zs ) (G m ) (38) 

\(—G xz ) (—G V z) (G ZX )J 

where (G xx ) is the matrix defined by (18), 
(20) and (21), and 


«) = 2 G,(/n, k)S„(k, /)(?*(/. n). (39) 



/ displacements 


Fig. 7. Relative stability of defects near a surface. 
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With the use of (35) this becomes 

G„(m,0,0;m,0,0) = (j3/2)(G 0 (0) 

-G(m,0,0))(G 0 -G(0,0,w)), (40) 

G„(m, 0,0; n.0,0) = (/8/2)G(0,0,m) 

X (G 0 (0) —G(0,0, w)), (41) 

if m 4= n, and 0 if m„ or m z =1= 0. Thus G r t . 
differs from G by terms of order /3/2. 

Similarly, the rotationally invariant lattice 
matrix 

L r x — L(1 + G.S) (42) 

contains the surface correction S. The solu¬ 
tions of 

L ri .u = 0 (43) 

imply 

detL r( = det Ldet (1 + G5) = 0. (44) 

The first term determines the bulk frequencies, 
whereas the second term can vanish if G is 
of order 1//3. This is above the band covered 
by bulk frequencies and shows that the surface 


forces restore the transition between crystal¬ 
line surface waves and Rayleigh waves.* 

The defect matrix of an adatom in a rota¬ 
tionally invariant model will also contain the 
projection of the S matrices, but with opposite 
sigh, thus the consistency equation becomes 

det[(G-GSG)(D-S)+l] = 0. (45) 

It differs from the original equation (9) in 
terms of order /3 and higher. For oj > 2<o L all 
Green’s functions are bound by 

G m < k m lu>. 

Thus the frequencies solving (45) are in error 
by an amount of 0(/3) or less. 

The consequences of the lack of rotational 
invariance are thus two-fold: 

(1) The band of surface modes extending 
into the forbidden region > 4a+ 8/3 by 
an amount of 0(/3) is neglected. 

(2) Local mode frequencies computed in 

The analog of Rayleigh waves in discrete lattice theory 
are low velocity waves localized at the surface. Their 
eigenfrequency has to exceed the lattice frequency for 
reasons of orthogonality to the bulk waves. In continuous 
matter theory no distinction exists between frequency 
bands of localized and bulk modes since the dispersion 
relation is linear and the frequencies are not bound. 



Fig. 8. Bands in a rotationally invariant Rosenstock-Newell model. 
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the forbidden region are in error by an amount 

of 0(/3). 

Figure 8 shows a schematic representation 
of these findings. 

The R~N model should therefore give 
approximately correct answers for situations 
found in surface chemistry, namely, adatoms 
whose mass is an order of magnitude smaller 
than those of the substrate and whose binding 
force is comparable to those of the substrate. 

A comparison among the different force 
models in use is made in Table 2. For each 
model the internal consistency is given, and 
practical aspects, like availability of Green’s 
functions and the dimension of the charac¬ 
teristic matrix, are given. The last two entries 
indicate how the characteristic matrix can 
be decomposed using the specific symmetry 


of the model and the point symmetry of the 
defect plus substrate. 

5. PROPOSAL FOR EXPERIMENTAL DETECTION 
OF LOCAL OSCILLATION 

Adsorbed atoms are involved in a number 
of chemical processes, yet little experimental 
data are available on the detection of isolated 
adsorbed atoms. Field ion microscopy [19] 
can detect single surface atoms, but it is not 
specific to adatoms. Occasionally it reveals 
the presence of an impurity among a multitude 
of surface host atoms. Paramagnetic resonance 
[20] has been applied for the study of isolated 
broken bonds on Si surfaces but it is restricted 
to the relatively rare cases of an unpaired spin 
at a surface. 

The only experimental work on infrared 


Table 2. Consistency of force models 


Model 

Consistency 

Green’s 

functions 

available 

Dimension 
of matrix 
07) -f 1 

Reduction 
due to RN 
condition 

Number of C 4 ,, 
representation of 
displacements 

r, r 2 r, r, r> 

Nearest- 

neighbor 

central 

forces 

Lattice 

unstable 

Analytical 

3 

14-1 + 1 

1 2 

Nearest- 
neighbor 
central 
and non¬ 
central 
forces 

Consistent 

Tabulated 

21 

7 + 7 + 7 

5 12 16 

Same as 
above 

100 surface 

No 

rotational 

invariance 

Sum of 
tabulated 
Green's 
function 

21 

7 + 7 + 7 

5 12 16 

This model 
for 

100 surface 

Consistent 

As above, 
approxima¬ 
tion only 

21 

21 

(7 + 7 + 7 
in crude 
approx ima- 
tion) 

5 12 16 

Nearest 

and next 

nearest- 

neighbor 

central 

forces 

Consistent 

Not 

available 

57 

57 

9 6 6 6 15 
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detection of local modes seems to be that of 
Pliskin and Eischens [21], These authors were 
able to derive the observed infrared absorp¬ 
tion from vibration modes by measuring an 
isotope shift of 1-39 between deuterium and 
hydrogen. Unfortunately the substrate was 
polycrystalline and the vacuum was not such 
as to exclude contamination with other 
material. Furthermore the partial H 2 pressure 
was sufficiently high to allow formation of a 
monolayer of hydrogen on the substrate. 
Whereas it is beyond doubt that Pliskin and 
Eischens did observe a vibration mode in¬ 
volving hydrogen, the question remains 
whether it was a molecular vibration involving 
some other adatoms or a local mode. This 
question could be answered in an experiment 
on single-crystal material using present-day 
ultrahigh vacuum technology. 

We therefore propose that light should be 
focused and sent between two parallel slabs 
of single-crystal material containing isolated 
adsorbed atoms. It is reflected many times 
to make the effective surface large. The 
amount of infrared absorption from local 
surface modes may be estimated in terms of 
the corresponding absorption from bulk 
modes. A surface typically contains 10 15 
sites/cm 2 , it may be occupied by lO 1,1 defects 
isolated from one another by ten lattice con¬ 
stants. The light beam can be made ten times 
as intense as for bulk transmission technique, 
since it is focused into a narrow gap between 
two surfaces of cm 2 size. 

The light absorption found this way cor¬ 
responds to that of bulk defects in a 10~ z cm 3 
sample with a defect concentration of 10 16 
cm 3 . This is slightly less than one usually 
likes to have in infrared absorption spectro¬ 
scopy but it should be detectable. 

Infrared absorption should be a useful tool 
for detection of absorbed atoms and may 
eventually be applied to determine various 


steps in chemical reaction on solid surfaces, 
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Abstract —Some of the assumptions underlying the molecular approach to the determination of the 
electronic properties of the vacancy in diamond have been examined. The ordering of the lowest 
electronic levels of the neutral and single negatively charged states of the vacancy is sensitive to the 
choice of atomic functions to represent the 2s and 2 p orbitals on the atoms nearest the defect as well 
as to the symmetric relaxation of these atoms. However, for limited delocalisation of electronic charge 
from the vacancy there is no change in the ordering of the lowest levels. The 8 7\ electronic state is 
predicted as the ground state of the neutral vacancy if the atoms nearest the defect relax towards its 
centre as implied by the molecular model; however, for a symmetric relaxation of the nearest neigh¬ 
bours away from the centre of the vacancy the X E level is more likely to be the lowest level. Present 
experimental knowledge of the vacancy in diamond does not resolve this uncertainty. 


1. INTRODUCTION 

The theoretical investigations of the elec¬ 
tronic structure of the isolated vacancy [1,2] 
and the isolated neutral divacancy [3] in 
diamond using a molecular approach, which 
have been previously reported, are based upon 
an undistorted model for the defect. In addi¬ 
tion, simple nodeless Slater functions with 
orbital exponent 1-595 have been used to 
represent the 2s and 2 p orbitals on the atoms 
nearest the defect in the crystal. The calcula¬ 
tion for the isolated vacancy [11 predicted that 
the GR1 absorption band observed in irradi¬ 
ated diamonds between 1-65 and 2-4 eV 
resulted from an electronic transition between 
the 1 E and l T% levels of the neutral vacancy. 
In this paper we investigate in more detail 
than previously the calculated electronic 
properties of the isolated vacancy in its single 
positive, V\ neutral, V { \ and single negative, 
V~* charge states, in order to determine the 
sensitivity of the electronic energy levels to 
some of the assumptions underlying the model. 

Firstly, we choose an alternative set of 
functions to represent the 2s and 2 p orbitals 
on the atoms nearest the defect. This is of 
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interest because when using nodeless Slater- 
type functions the 2s function is not ortho¬ 
gonal to the 1 s function; therefore, the values 
obtained for the one-centre kinetic and poten¬ 
tial energy integrals are in error. We have 
considered the self-consistent atomic functions 
proposed by Clementi [4] adequate alternatives 
for this purpose. It has also been necessary to 
repeat the previous calculations on the 
vacancy using Slater-type functions because 
of a numerical error in the semi-empirical 
estimate of the one-centre Coulomb integral. 
Secondly, we have considered the effect on 
the energies of the various electronic states of 
choosing single-electron molecular orbital 
wave functions which allow for some delocal¬ 
isation of the electronic charge away from the 
vacancy on to next-nearest neighbour atoms. 
Finally, we investigate the sensitivity of the 
various levels to the symmetric relaxation 
forces which arise from the rearrangement of 
the vacancy electrons when forming molecular 
orbitals. 

si* 

2. MOLECULAR APPROACH TO THE VACANCY 
PROBLEM 

A detailed discussion of the molecular 
approach to the isolated vacancy in diamond 
may be found in the original paper by Coulson 
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and Kearsleyfl J. The basis of the defect 
molecule method is to assume that the elec¬ 
tronic behaviour of the system in the immedi¬ 
ate neighbourhood of the vacancy is only 
dependent upon the n electrons which are 
assumed to be localized within the undistorted 
defect. All exchange and polarisation effects 
with non-vacancy electrons are ignored. It is 
then possible to use the well-established 
techniques of molecular orbital theory to 
simplify the calculation. 

In a field of T t{ symmetry, as for the vacancy 
electrons, the single-electron molecular or¬ 
bitals belong to the a t and t 2 irreducible 
representations. In this problem the neigh¬ 
bours to the vacancy A, B , C and D are 
assigned co-ordinates (1,1,1), (1,1,1), (1,1,1) 
and (1,1,1) respectively, in units of aj 4, where 
a is the cell constant, as shown in Fig. 1. We 
assume that the vacancy electrons are initially 
in tetrahedral hybrid orbitals a — d associated 
with these atoms which are directed towards 
the centre of the defect. A suitable set of real 
non-localized single-electron wave functions 
which are mutually orthogonal and correspond 
to these irreducible representations is as 
follows 

v — N { (a -F h -F c -f d ) C U] 

tx “ (— a -F /> + r — d ) 1 

/„ = (a-b + c-d) } C / 2 

t s — N 2 (a+h—c~d) J 

where N } = 0-5(1 -F33„ ft ) i,z , N 2 = 0-5(1 - 
S a t>)~ in and S ab is the overlap integral between 
two hybrids on neighbouring atoms to the 
vacancy. It should be noted that this is not the 
set chosen by Coulson and Kearsley. but will 
prove more versatile in the calculations to 
follow. The symmetry states of the wave 
functions belonging to the configurations 
a } p t 2 n ~ p , where p = 0, 1 or 2 and n is the num¬ 
ber of vacancy electrons, may now be deter¬ 
mined and the corresponding determinantal 
wave functions, 0(/?), expressed in terms of 
the single-electron molecular orbitals. In the 
present problem we have n — 3, 4 or 5 de¬ 


pending upon whether we are considering the 
single positive, neutral or single negative 
charge state of the vacancy. 



The spin-independent Hamiltonian for the 
vacancy system, excluding exchange with 
non-vacancy electrons, may be written as 
follows, 

/=i i>j r ' J 

where T, denotes the kinetic energy operator 
for the /th electron and V, represents the 
potential energy of interaction of the vacancy 
electron i with the nuclei, the K shell electrons 
surrounding the vacancy atoms, and with the 
bonded valence electrons on these atoms. 
Now, 

k =2 v K , 

K 

where K = A, B. C, D and V Ki is evaluated 
using the Goeppert-Mayer and Sklar approxi¬ 
mation [5]. The energy of the various symmetry 
states, /?, belonging to each configuration 
before configuration interaction may now be 
determined using the expression 

/ dr 

E{R) = ——- 

/ **<*)*(*) dr 

once a suitable choice is made for the 2s and 
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2 p functions. The energy E(R) may be ex¬ 
pressed in terms of molecular integrals,^ — K , 
defined in Ref. [1]. The formal expressions for 
the energy levels of the V* and V~ systems are 
given by Yamaguchi[2]. These energies are of 
no great value in themselves, because we must 
allow for interaction between configurations of 
the same orbital symmetry and spin-multi¬ 
plicity in order to obtain results which may be 
usefully compared with experiment. This 
configurational mixing is the final step in the 
basic calculation. 

3. RESULTS AND DISCUSSION OF 
UNDISTORTED VACANCY CALCULATIONS 

We have chosen to consider only the findings 
obtained using an approach in which the 
intra-atomic Coulomb integral, {?, is modified 
in a semi-empirical manner. Corresponding 
to the semi-empirical values for Q it is pos¬ 
sible to obtain two estimates for the self¬ 
penetration integral, P. These integrals are 
defined as 

Q = f <i*(l)fl*(2)— a(l)o(2) dr 
J r vz 

and 

p = JVuxr. + ^.wndT 

where V is the tetrahedrally hybridized 
orbital on atom A directed towards the centre 
of the vacancy. It is believed that the results 
obtained by such an approach are more 
physically reasonable! 1]. Upon checking the 
previous calculation for Q it was discovered 
that an error had occurred in the numerical 
evaluation, although the basic formulae were 
correct. The value we obtained for Q was 
12-856 eV compared with the previous esti¬ 
mate of 13“293 eV. It was therefore necessary 
to repeat the calculations using Slater-type 
functions with orbital exponent 1-595 to com¬ 
pare these findings with those obtained using 
the Clementi-type functions [4]. As previous¬ 
ly, we have considered two cases for each 
choice of function with Q = 12*856 eV. Case 1 


involves using the value for P obtained with 
the analytical wave functions, while in the 
case 2 approximations P has the value —16*42 
eV. This value is the negative of the ionisation 
potential of an electron from a tetrahedral 
hybrid in the s/? 3 valenct state of the atom. 


Table 1 . Molecular integrals required for 
the vacancy calculation: modified cases 


Integral 

Slater functions 

Clementi functions 

A* 

— 38* 1324: 

-38-315 

B* 

-27*972 

-26*475 

At 

-43*764 

-43-694 

Bt 

-38*069 

-38-726 

C 

9 820 

9*808 

D 

8-722 

8-765 

E 

9-422 

9-487 

F 

8-332 

8-020 

G 

1*790 

J-953 

J 

0-677 

0-474 

K 

— 1 232 

-1*217 


*Case \. 
tCase 2. 

t All energies in electron volts. 

§ integrals/1 — K are defined in Ref. [1J. 

It is significant that even though large dif¬ 
ferences of 6 to 7 eV were obtained between 
the values of the one-centre kinetic and 
potential energy integrals for the different 
choices of atomic wave functions, the value of 
P , the integral of primary importance, does 
not differ very much for the two studies. We 
obtain for the case 1 approximation, P (dem¬ 
enti) =—7* 13 eV, while P (Slater) = —8*00 
eV. The numerical values of the basic mole¬ 
cular integrals, A — K, which form the central 
part of the calculation are given in Table 1. 
The values of the one- and two-centre integrals 
required in the calculation were obtained using 
a version of the Diatomic Molecular Integral 
program [6,7], while the Mulliken approxi¬ 
mation [8] was used to obtain estimates of the 
three- and four-centre terms. The predicted 
electronic structure for and V~ for both 

choices of functions are shown in Figs. 2-4 
respectively. From Table 1 it is apparent that 
the values for the integrals agree fairly well in 
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most cases for both the choices of functions. 
The most significant changes are for the 5, J 
and F integrals. The general feature of all the 
calculations is the strong dependence of the 
levels on configuration interaction effects 
which in some cases are very large and cause 
the inversion of the energy levels. It is also 
significant, especially for the cases using 
Clementi-type functions, that several levels 
show a marked dependence on the value of P. 
The most important are the Vf 2 level of V° and 
the 2 E and 2 7’ 2 levels of V . As in the previous 
work the electronic levels are much more 
compressed in the case 2 study. 

When we compared the results using Slater 
functions and the corrected value of Q with 
those obtained by Coulson and Kearsley we 
observe that even though there are fairly 
large changes in the numerical values of some 
of the molecular integrals, A — K. and in the 
energies of the electronic levels (~ 5 eV), 
there are only small changes in the general 



Fig. 2a. Electronic structure of positive vacancy in 
diamond: Slater functions (a) before configuration inter¬ 
action, (b). after configuration interaction I. P = - 8 00 
eV. 2. P = - 16 42 eV. 



Fig. 2b. Electronic structure of positive vacancy in 
diamond: Clementi functions (a), before configuration 
interaction, (b). after configuration interaction \.P~ 
— 7-13 eV, 2. F ~ — 16-42 eV. 


features of the calculations. 

In the present study the electronic proper¬ 
ties predicted for the K + centre (Fig. 2) show 
good agreement for both sets of functions with 
the 2 7 2 level lowest at least 2 eV below the *T X 
level. It is interesting that the electronic 
structure of the positively ionised vacancy 
was previously not examined using the modi¬ 
fied theory because it was considered to be 
very much less stable than either V* or V~. 
However, the present calculation suggests 
that this is not necessarily true. From Figs. 
2-4 it is apparent that for the case 1 studies 
the 2 T> ground state of V + is within 3 eV of the 
ground state of K° and over 2 eV lower than 
the lowest level for V~. Admittedly, the situa¬ 
tion is less favorable when case 2 is examined. 
Of course, we cannot really conclude anything 
definite about the relative stability of the vari¬ 
ous defect centres because of the further 
inadequacies in the model when applied to 
charged states. Nevertheless, these calcula¬ 
tions do demonstrate that the possible non¬ 
existence of F 4 should not be argued on the 
basis of the unmodified calculation by Coulson 
and Kearsley as has been previously sug¬ 
gested f9], If the 2 T 2 electronic level is the 
ground state of this centre, then the centre 
should exhibit paramagnetic resonance and be 
Jahn-Teller distorted because of the degener¬ 
acy of the lowest level. In view of the large 
separation of the levels, it seems unlikely that 
there would be an observable electronic 
transition associated with this centre. 



Fig. 3a. Electronic structure of neutral vacancy in 
diamond. Slater functions (a), before configuration inter¬ 
action, (b). after configuration interaction 1. P = — 8 00 
eV. 2. P ~ ~ 16-42 eV. 
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Fig. 3b. Electronic structure of neutral vacancy in 
diamond: Clementi functions (a), before configuration 
interaction, (b). after configuration interaction 1. P — 
— 7-13 eV, 2. P — ~ 16.42 eV. 

For the neutral vacancy, the calculation 
using Clementi-type functions predicts that in 
both limits the 3 J, level is lowest, being 0-31 
eV below the l E level in case 1 and 0-13 eV 
below this level in case 2. This is in contrast 
to the Slater calculation where the level is 
0 04 and 0*09 eV above the l E level in case 1 
and 2 respectively. The relative ordering of 
the other levels of interest is the same in both 
calculations. It is also interesting that for the 
unmodified case using Clementi-type functions 
with Q= 17-81 eV the l E level is lowest 
0*48 eV below the :i T^ level and with a separa¬ 
tion of 7*18 eV between the A E and l T 2 levels. 
Hence the ordering of the *T t and l E levels is 
sensitive to the choice of the value for Q . In 
the Slater case while there is not a change in 
order with decreasing Q values the energy 
difference between the 1 E and 3 7\ levels does 
also decrease. Formally, the energy difference 
between the 3 T { and l E states arising from the 
configuration a^t 2 2 before configuration inter¬ 
action is D~F. Now, this difference has 
increased from 0*39 eV with Slater-type 
functions to 0*74 eV with Clementi-type 
functions. The interactions with states of the 
same symmetry from higher configurations 
are no longer sufficient to invert these two 
levels in the latter case. 

The difference in energy between the lowest 
] E and 1 T 2 states before configuration inter¬ 
action is formally F —Z> + 27. Using the values 
in Table 1 this difference has decreased from 
0*96 eV (Slater) to 0*21 eV (Clementi) such 


that the final energy separations are 0*84 eV 
(case 1) and 1*85 eV (case 2) using Clementi- 
type functions, compared with l*65eV (cast 
1) and 2*22 eV (case 2) using Slater-type 
functions. 

If the separations obtained using Clementi- 
type functions are reliable then the spin- and 
orbitally-allowed transition between the X E 
and l T 2 levels would not be observable at 
room temperature. However, in view of the 
small energy differences between the lowest 
two levels, we cannot make any reliable pre¬ 
diction as to the ground state of this centre 
without further examination of some of the 
assumptions inherent in the model. These 
assumptions are considered more fully in the 
following sections. 



Fig. 4a. Electronic structure of single negative vacancy in 
diamond: Slater functions (a), before configuration inter¬ 
action, (b). after configuration interaction 1. P = — 8 00 
eV,2.P = -16*42 eV. 



Fig. 4b. Electronic structure of single negative vacancy in 
diamond: Clementi functions (a), before configuration 
interaction, (b). after configuration interaction l.P — 
— 7*13 eV, 2. P = — 16*42 eV. 

For the V~ centre, both Slater- and Clem¬ 
enti-type functions give similar predictions for 
case 1; however, the energy levels from the 
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latter study show a significant dependence on 
the value of P . as shown in Fig, 4. Using 
Slater-type functions the calculation predicts 
that the 4 A 2 level is lowest with the 2 T, level 
0*67 eV (case l) to 0*45 eV (case 2) above this 
ground state. The changes in the ordering of 
the energy levels for case 2 using Clementi- 
type functions are due largely to the increased 
configuration interaction with higher states. 
This arises because the modification in the 
one-electron molecular integral, between case 
1 and 2 is 10* 10 eV using Slater-type functions, 
whereas it is !2*25eV in the dementi study. 
As a consequence the higher states make a 
relatively larger contribution to the lowest 
levels in the latter case. Hence, for example, 
in case 2 the 2 T 2 level is lowered 2-29 eV to 
become the lowest level, compared with 1 54 
eV in the study using Slater-type functions. 
Whereas case I of the investigation with 
dementi-type functions predicts that the 4 A., 
level is lowest, 0-88 eV below the 2 7, level 
with the Z E level 008 eV above this level, the 
case 2 approximation predicts that the 2 7 2 
level is lowest, ()• 12 eV below theM , level and 
0*28 eV below the l E level. It is again neces¬ 
sary to investigalc more closely some of the 
assumptions involved in the model before we 
can draw any conclusion from this particular 
study. In the next section wc examine the 
effect of delocalisation of the electrons away 
from the vacancy, while in the following 
section we consider the response of the vari¬ 
ous energy levels to the symmetric displace¬ 
ments of the atoms nearest the defect. 

4. DELOCALISATION OF THE ELECTRONIC 
CHARGE FROM THE VACANCY 

One of the main assumptions of the defect- 
molecule method is that the vacancy electrons 
are located entirely within the defect and do 
not diffuse into the rest of the crystal. This 
approximation to the real situation would 
appear to be reasonable in most cases, as in 
few electron spin resonance studies on defect 
centres in irradiated diamonds has there been 
any appreciable hyperfine structure observed; 


however, the experiments by Baldwin [10], 
which still await confirmation, suggest that the 
delocalisation of the electronic charge from the 
vacancy in diamond may be of the order of 10 
per cent. Therefore a more realistic initial wave 
function for the vacancy electron which may 
be used in the present calculation has the form 

a' = ka + fi{p + q + r) 

where a is the original tetrahedral hybrid 
orbital on atom A directed towards the centre 
of the vacancy and p , q and r represent tetra¬ 
hedral hybrid orbitals on atoms P, Q and /?, 
which are nearest neighbour atoms to atom A, 
directed along PA, QA and RA respectively. A 
similar kind of wave function has been used 
for a calculation on the methane molecule 111]. 
A and p are parameters which determine the 
extent of delocalisation. The relation between 
A and fi is determined by the requirement that 
the delocalised wave function a ' is normalized 
and that /x = 0 when A = 1. In a similar way 
the original tetrahedral hybrids b , c and d may 
be replaced by the delocalised functions b\ c' 
and d'. We again neglect all exchange and 
polarisation effects with other bonded valence 
electrons in this initial study. 

Estimates for the energy levels of the vari¬ 
ous centres may now be obtained by using 
these new functions to evaluate the integrals 
involved in the energy expressions. Expansion 
of these modified integrals containing the wave 
functions a\ b\ c ' and d r yield formulae 
which may be expressed in terms of the atomic 
hybrid integrals multiplied by various powers 
of A and /x. In all the expressions except those 
obtained by modifying the one-centre kinetic 
and potential energy integrals terms of order 
M 2 and above were neglected. This is a reason¬ 
able approximation because /x is always small 
in the cases considered. To obtain values for 
the new integrals the basic one- and two- 
electron integrals must be evaluated at four 
intemuclear distances. Namely, 2*918, 4*766, 
5*586 and 7*343 a.u. Having evaluated the 
modified integrals it is fairly straightforward to 
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determine the energy level scheme for various 
values of X. 

We have considered three cases with values 
of 0 95, 0*90 and 0*85 for X. These correspond 
respectively to approximately 10, 19 and 28 
per cent delocalisation of the wave function 
for the vacancy electron away from the defect. 
We have observed that as X decreases the 
overlap term < a'\b ') first increases relative to 
the value for X = 1 and reaches a maximum 
near A = 0*95. For values of X > 0*80 it is 
larger than the initial value. The additional 
term in the overlap expression arising from the 
interaction between the orbital V and the 
hybrids p\ q\ r’ on the nearest neighbours to 
atom B is sufficient, for small decreases in X, 
to compensate for the diminished overlap 
contribution from within the vacancy. The 
current approach is considered to be adequate 
because we are primarily interested in the 
trends which result in the relative ordering of 
the energy levels with increased delocalisa¬ 
tion. A more detailed account of these calcula¬ 
tions is given elsewhere [12]. 

For the neutral vacancy we find in all cases 
no change in the ordering of the lowest levels 
with increasing delocalisation. Figure 5 shows 
the results for the case 1 studies. The l E level 
is initially lowered in energy relative to the 
:i Tj level as A decreases, but for values of X 
less than 0*95 it increases again. For X = 0*95 
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Pig- 5a. Electronic structure of neutral vacancy in 
diamond. Delocalisation study using Slater functions: 
Case 1. 



Fig. 5b. Electronic structure of neutral vacancy in 
diamond. Delocalisation study using Clementi functions: 
Case 1. 


the l E level is 0*16eV below the 3 F, level 
(Slater case 1), while for the study with 
Clementi-type functions it is within 012eV of 
the ground state. Also the l E — y T 2 separa¬ 
tion increases to a maximum near X = 0*95 
then decreases again. For X = 0*95 these 
separations for the various cases are as 
follows: 

Slater: case 1,2*41 eV; case 2, 2*90 eV 

Clementi: case 1,1*85 eV; case 2, 2*80eV. 

It is again possible to relate these changes to 
variations in the D , F and J integrals. In the 
Clementi study, for limited delocalisation the 
l E level is closer to the 3 Fj lowest level; there¬ 
fore the probability of an observable l E l T% 
transition is enhanced. 

In the V~ centre, the most important finding 
characteristic of all the studies that the 4 A 2 
level is reinforced as the lowesbin energy at 
least 0*5 eV below the next lowest level in 
every case where delocalisation is incor¬ 
porated. The energy of the lowest 2 E and 2 T 2 
levels relative to the 4 A 2 level increases as X 
decreases, reaching a maximum near X = 0*90 
approximately 1 to 2eV above the ground 
state. The separation between the 4 A 2 and % T X 
levels is much less sensitive to the extent of 
delocalisation. The relative ordering of the 
lowest levels of the centre is not changed 
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by delocalisation. In all cases the Z T 2 level is 
lowest in energy, at least 2 eV below the 4 T t 
level. 

3. COUPLING OF THE ELECTRONIC STATES TO 
THE SYMMETRIC MODE 

The displacement of the four atoms nearest 
the vacancy may be described in terms of 12 
normal co-ordinates! 13]. Three of these 
co-ordinates represent translations and three 
rotations which are of no interest to us in this 
problem. The six remaining co-ordinates 
((?«, (?«, Qb , Qt* QV* Q {) are classified as fol¬ 
lows. Q n represents the symmetric mode of 
A , symmetry; Q t and Q e are modes of E 
symmetry, while the Q c , Q v and modes 
belong to the T 2 representation of the T d 
group. All electronic states of the vacancy 
system may couple with the Q a mode, where¬ 
as only degenerate states may interact with 
the E or T z modes of lower symmetry giving 
rise to the Jahn-Teller effect. 

To first order it is assumed that there is no 
coupling between the various normal modes. 
We may therefore consider the interaction 
between the electronic states and the sym¬ 
metric mode independently of the Jahn-Teller 
problem. We have assumed that the energy 
lowerings due to the symmetric relaxation are 
more important in determining the relative 
ordering of the lowest levels than the Jahn- 
Teller splittings, and concentrated on this 
effect. The Jahn-Teller problem is considered 
in the following paper! 14]. 

The change in energy of a particular elec¬ 
tronic state for a given distortion Q a of the 
atoms nearest the vacancy, including only 
linear coupling terms, may be represented 
within the harmonic approximation as follows: 

E(Q a ) - Eo-FaQo+iMuSQ,,* 

where F a is the constant applied symmetric 
force on the atoms neighbouring the defect 
which results in a distortion Q a . E {) is the 
energy of electronic state for zero distortion. 
The last term represents the change in total 


potential energy of the system for a distortion 
Q a of the nearest neighbour atoms to the vac¬ 
ancy, M is the mass of the carbon atom and o) a 
is the effective or response frequency of the 
lattice for the A x mode. A discussion of the 
limitations of using such an expression may be 
found elsewhere [13]. Now, the static equilib¬ 
rium distortion is given by 

BE 

Therefore 



and the corresponding relaxation energy is 


For a system of vacancy electrons in a 
molecular orbital represented by the con¬ 
figuration interaction wave function, ty(R)* 
the symmetric force term, F a . may be defined 
as 

F ' — 

using the rigid atom model suggested by 
Lidiard and Stoneham[15]. This is not the 
definition used by Friedel et a/.[16].*Terms 
involving the repulsion between the atoms 
neighbouring the vacancy are already implicit¬ 
ly included in the potential energy term when 
determining the effective frequency a>„. 

To determine the value of F (n W(R) is 
expressed in terms of the wave functions, 
), for the various configurations with 
suitable coefficients c,. That is, 

V{R) = 2 crfj(R) 

) 

and 

F,, = ~(w u {^ 
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This expression reduces to a sum of terms 
involving the derivatives of the molecular 
integrals shown in Table 2, and additional 
terms involving the derivatives of the coeffi¬ 
cients. These latter first-order terms make only 
a small contribution to F a in most cases, but 
have been included in this investigation. The 
derivatives of the molecular integrals are ex¬ 
pressed in terms of the derivatives of atomic- 
hybrid integrals which are then evaluated using 
the following numerical procedure. The inte¬ 
gral whose derivative is required is evaluated 
at the intemuclear distances r 0 + /i and r 0 — A, 
where /« = 2*52 A and /z = 0-10 A. Then the 
required derivative/' (r) at r {) is given by 

,m _ f(r Q + h)-f(rt-h) 

y( o) dr/^ 2h 

This formula is equivalent to fitting a parabola 
through the points/(r 0 //(r<> + /i) and/(r 0 — h) 
and determining the slope of the tangent to 
the curve at the point corresponding to/(r 0 ). 
The values obtained for the derivatives of the 
molecular integrals for the two choices of 
atomic functions are given in Table 2, The 
different values obtained for the derivatives of 
the one-electron integrals in the case l and 2 
approximations result from different factors 
multiplying the derivative of the overlap 
integral. Using this information F fl for each 
electronic level may be determined and then 
the corresponding values for Q a and A E n for a 
suitable choice of o>„. 

Recently,[13] a dynamic relaxation pro¬ 
cedure has been used to determine the adia¬ 
batic linear response frequencies. These are 
the ones required in the calculation of first 
order static distortion terms. The magnitude 
of these frequencies was found to be much 
smaller than the Raman frequency (2*49.10 14 
rad/sec) and the linear response frequencies 
calculated previously [15,16]. This latter 
calculation used a sudden approximation in 
which only the four nearest neighbours to the 
vacancy were allowed to move under the 
externally applied forces. The adiabatic sym- 


Table 2. Derivatives of the molecular 
integrals used in the calculation of the 
symmetric relaxation terms 


-j^r (Integral) 
<K?o 

tl 

Slater function 

CIcmenti function 

WTO 

8*3089*$ 

7-0976t 

7*9303* 

6-9067t 

<jc|// u |jc> 

24168" 

3-7150f 

2-4466* 

4-2l66t 

{ vv \ 

1 V 

kJ 

| vvj 

-1-6522 

-1-4866 

(xx 

M 

k* 

|jCJT^ 

-0-97% 

-10528 

(H 

|jj 

k-J 

|fjr) 

- t-4949 

-1-4189 

(xy l 

jj 

ri*| 

|*y) 

-0*3154 

-0-0201 

(H 

1 1 ! 
kJ 

k) 

- 0 0558 

-0-0710 

{■'i 

jj 

k*l 

w 

1-0355 

1 * 1000 

<- 

k, 2 


-0-4866 

-0-5072 


'Case 1, 

K'ase 2, 

^All derivatives in eV/A. 


metric mode frequency w fl has a value 0*95 . 
10 14 rad/sec. With this frequency and the forces 
determined as above the first-order contribu¬ 
tion to the symmetric relaxation energy is 
predicted to be large (2*4-*6*7eV)[13J. Non¬ 
linear terms must therefore be important. In 
order to avoid the more difficult calculation 
involving these terms which is unreliable with 
the wave function available it is possible to 
choose an effective linear response frequency 
o/ which will give reasonable distortions [13]. 
This approach is adequate since we are pri¬ 
marily interested in the sensitivity of the order¬ 
ing of the lowest electronic levels to symmetric 
relaxation terms. In fact, our calculations show 
that the order of the lowest levels is not very 
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sensitive to the value chosen for <o\ For con¬ 
venience we choose = 2*02.10 u rad/sec, 
the value estimated by Lidiard and Stoneham 
[15] for the tetragonal response frequency 
using the sudden approximation. The magni¬ 
tude of the energy and distortion terms using 
the adiabatic frequency may be readily obtain¬ 
ed by multiplying the results given in Tables 3 
and 4 by 4-52. 

6* DISCUSSION OF RESULTS AND RELATION 
TO EXPERIMENT 

The results obtained for the lowest levels of 
y° and V~ centres are given in Tables 3 and 4 
respectively. For most levels the total energy 
change — electronic and elastic - for the system 
is 1 to 2 eV. The lowering in the energy of a 
particular electronic level will be twice this 
energy. Because the symmetric force term F„ 
is not constant for all the electronic levels of a 
particular centre it will be important to con¬ 
sider the symmetric relaxation when deter¬ 
mining the relative ordering of these levels. 
This result also suggests that the calculation 
by Lannoo and Stoneham[17] on the Huang- 
Rhys factor and the band moments of the G R1 
band in diamond is inadequate, since their 
work assumes that F a is the same for the l E 
and 1 electronic states of the neutral 
vacancy. 

For all levels the symmetric relaxation of 
the atoms nearest the defect is predicted to be 


inwards towards the centre of the vacancy. 
This is an inevitable result, because the defect 
molecule approach assumes that the atoms 
neighbouring the vacancy remain ^-hybrid¬ 
ised after removal of the vacancy atom. As a 
consequence of this assumption certain force 
terms are neglected. If the covalent bonds be¬ 
tween nearest neighbour atoms in the perfect 
crystal were in ‘tension’ then on the breaking 
of a bond we should expect an atom to experi¬ 
ence a net force and so be displaced from its 
previous equilibrium position. We believe, 
however, that this contribution to the force 
would be small because the C-C bond length 
in diamond is only 0*007 A longer than the 
average single C-C bond length in saturated 
hydrocarbons [18]. The more important contri¬ 
bution to the force which has been neglected 
results from a possible change in hybridisation 
of the atom nearest the defect. For example, it 
is well known that while the methane molecule 
has a tetrahedral structure the methyl radical 
is planar. We should expect a similar effect for 
the atoms adjacent to the vacancy, resulting in 
a displacement of these atoms away from the 
centre of the vacancy. In the discussion which 
follows we denote this symmetric force by f u . 
It follows that the resultant displacement of 
the atoms will depend upon the relative magni¬ 
tudes of /, and F ir Unfortunately there appears 
to be no simple way of obtaining reliable 
values of/, for the various electronic levels. 


Table 3. Symmetric term for theT x , 11 E and r °A 2 levels 
of the neutral vacancy 


Function //'■ 

eV/A 

A E„ 
eV 

t unction 

F„ 

eV/A 

\E U 

eV 

I.»r, Level 


3. ’7\, Level 



Slater: case 1 —1213 

- 1-45 

Slater: case 1 

- 14-34 

-2-03 

Slater: case 2 - 10-88 

- M7 

Slater: case 2 

- 14-39 

-2-04 

dementi: case 1 - 12*17 

- 1 46 

dementi: case 1 

- 14*55 

-2-09 

Clementi: case 2 -11-97 

-1-41 

dementi: case 2 

- 13-78 

-1-87 

2. Level 


4. ‘VL Level 



Slater: easel — 11 *01 

- 1-20 

Slater: case 1 

— 7-19 

-0-51 

Slater: case 2 — 10 95 

-1-19 

Slater: case 2 

-9-87 

-0-96 

Clementi: case I - 10-97 

- M 4 

Clementi; case 1 

-7-87 

—0*61 

Clementi: case 2 — 12-13 

-1-45 

dementi: case 2 

-12*15 

— 1-46 


Values of Q a may be obtained from the relationship. Q n * 2A EJF„. 
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In the extreme case given by the defect- 
molecule approach f a will be zero. If the elec¬ 
tronic energy levels for the neutral vacancy are 
corrected for symmetric relaxation effects 
using the results in Table 3 then in case 1 using 
Slater functions and both cases with Clementi 
functions the 3 7\ level is predicted to be the 
ground state of the system. Alternatively, if 
we assume /„ is constant for all electronic 
levels of a particular charge state of the 
vacancy then it is possible in a qualitative way 
to examine further the changes in the ordering 
of the energy levels. For all values of F a 
greater than f a the investigation using Clem- 
enti-type functions predicts that the 3 7] level 
is the ground state for the neutral vacancy. In 
the Slater study it is not possible to decide 
whether the 3 7, or l E level will be lowest in 
energy for the general case. Also since F a for 
the 1 T> level is larger than the corresponding 
force for the l E level the separation between 
these two levels will decrease as Q (i becomes 
more negative (larger inward displacement). 
Under these conditions there is unlikely to be 
a l £ —* x T 2 transition which could be associat¬ 
ed with the GR1 band observed in irradiated 
diamonds. For f a greater than F a , but again 
equal for all levels, Q n will be positive. Now, 
the X E level will be lowered in energy more 
than the 3 7, or ] T 2 levels for a given value of 


Q a , such that it could be predicted as the 
ground-state even in the studies with Clementi- 
type functions. Since the separation between 
the X E and l T 2 levels would also be increased 
it is possible that the predicted energy for the 
1 E-^ l T 2 transition in the Clementi case 
would correspond to that observed for the 
GR1 band (1 *65-2*4 eV). However, it seems 
likely that the Slater studies would then pre¬ 
dict somewhat higher values for this transition. 

Unfortunately, the experimental information 
available is too limited to provide a definite 
answer. The preliminary work by Baldwin 
[10], believed to be on the centre, does 
suggest that the hyperfine interaction data is 
consistent with the atoms nearest the defect 
being relaxed away from the centre of the 
vacancy; however, this work must be con¬ 
firmed before we can have confidence in 
these findings. The interpretation of the stress 
splitting data on the GR1 band also seems 
more consistent with relaxation of atoms away 
from the centre of the vacancy [17]. 

For the negatively charged vacancy the 
same difficulty arises. If the electronic energy 
levels shown in Fig. 4 are modified for the 
equilibrium symmetric relaxations given in 
Table 4 (i.e, by — F a Q a ), then in the cases 
using Slater-type functions the level re¬ 
mains lowest in energy, 0-31 eV below the 2 E 


Table 4, Symmetric term for the 2 T 2 , 2 7,. 2 E and 4 A 2 levels 
of the negatively charged vacancy 


Function 

F„ 

eV/A 

A£„ 

.. Function 

eV 

F„ 

eV/A 

A E a 

eV 

\. 2 T l Level 


3. 2 E level 



Slater: case I 

-11*43 

— 1-29 Slater: case 1 

-12*00 

— 1 -42 

Slater: case 2 

-12*48 

— 1 -53 Slater: case 2 

— 11 29 

- 1-26 

Clementi: case 1 

- 11*98 

— L42 Clementi: case 1 

-12*88 

- t 64 

Clementi: case 2 

-1504 

— 2*23 Clementi: case 2 

-13*54 

— 1*81 

2, 2 T, Level 


4. 4 A 2 Level 



Slater: case 1 

— 9*32 

— 0*86 Slater: case 1 

-9*36 

-0*86 

Slater: case 2 

- 10 63 

— I'll Slater: case 2 

- 10*83 

— 1* 16 

Clementi: case 1 

-9*76 

— 0*93 Clementi: case I 

- 10*05 

-1*00 

Clementi: case 2 

-12*84 

— 1 -63 Clementi: case 2 

— 13-32 

-1*74 


Values of Q a may be obtained from the relationship, Q„ = 2A£„/F ft . 
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level (case 1) and 0*14eV below the 2 T 2 level 
(case 2). When the Clementi results are modi¬ 
fied the *£ level is lowest in energy in the case 
1 study, 0 32 cV below the 4 A 2 level with 
and 1 E- t T x separations of 1-00 and 
I -34 eV respectively; however, for case 2, the 
2 r 2 level remains lowest with the 2 E and 
2 7, levels 1-10, 1*12 and l-84eV respectively 
above this level. For smaller negative values 
of Q a it is possible that all studies would 
predict either a 2 £ or *T 2 ground state for the 
system. However, if we consider the cases 
where f it > F<, (Q« positive) then all studies 
would probably favour a 4 A 2 ground state. It is 
unlikely that the G R1 band could be associated 
with an electronic transition involving the 
electrons of the negative vacancy system; 
however, in view of further inadequacies in 
the model when applied to charge states this 
possibility cannot be definitely eliminated. 
For the negative vacancy interlevel coupling 
effects may also be important (19]. 

7. CONCLUSION 

With an undistorted model for the vacancy 
system the calculations demonstrate that the 
predicted electronic structure for the and 
V system depends upon the choice of func¬ 
tions which represent the s and /> orbitals on 
the atoms nearest the defect. The most signi¬ 
ficant result is that the order of the lowest :i T ] 
and l E levels of the neutral vacancy system 
are inverted when Clementi-type functions 
are used rather than Slater-type functions. A 
simple model shows that for limited delocalisa¬ 
tion the 'E level of V" is lowered more in 
energy than the level, but not enough to 
cause inversion of these two levels. The rela¬ 
tive order of these two levels also depends 
upon the value chosen for the one-centre 
Coulomb integral. It has been demonstrated 
that the symmetric forces estimated within the 
framework of the harmonic model using a 
rigid-atom approximation are different for the 
various electronic states of a particular centre. 
In order to determine the relative order of the 
lowest levels it is therefore necessary to 


include this symmetric relaxation energy con¬ 
tribution. For a negative value of Q a (relaxa¬ 
tion inwards) the s JTi level is predicted as the 
most probable ground state of the neutral 
vacancy, whereas for Q a positive the l E level 
is the most probable ground state with an 
allowed transition to a 1 T J level which may be 
related to the GR1 band observed in irradi¬ 
ated diamonds. 

The calculations for the V + centre do sug¬ 
gest that the 2 T 2 electronic state is most likely 
to be the ground state of this system. Although 
we are unable to calculate the relative stabil¬ 
ities of the various charge states of the vacancy 
in any precise manner, the findings of this 
work do demonstrate that the V + centre will 
not necessarily be less stable than the P or K“' 
centres. The ordering of the lowest levels in 
the V' centre are also sensitive to the extent of 
symmetric relaxation. A more detailed study 
which allows for flexible hybrid orbitals on the 
atoms nearest the defect and includes relaxa¬ 
tion as an integral part of the problem may be 
necessary to resolve some of these uncertain¬ 
ties. 
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TECHNICAL NOTES 


Estimation of bonding parameters and overlap 
integrals in octahedral iron group complexes 
from magnetic susceptibility and anisotropy 
data 

(Received 26 August 1970; in revised form 14 January 
1971) 

Interpretation of the magnetic behaviours 
of the iron group complexes in terms of 
anisotropic ligand field theory follows a 
procedure in which consistent values of cer¬ 
tain parameters are evaluated from the mag¬ 
netic anisotropy and susceptibility data at 
different temperatures. Comparison of the 
theoretical expressions of magnetic suscep¬ 
tibility and anisotropy with the experimental 
results furnishes, in particular, valuable in¬ 
formation regarding the covalency para¬ 
meters. It is generally found that in all com¬ 
plexes of the iron group the orbital moment 
and S.O. coupling constant are reduced from 
their respective free ion values due to the co¬ 
valency effect. The covalency parameters 
referred to above are the reduction factors 
for the orbital moment and S.O. coupling 
constant and these will be explicitly defined 
in course of the discussion that follows. The 
reduction factors can be expressed in terms 
of bonding parameters and some overlap 
integrals. These expressions along with the 
knowledge of the above two reduction factors 
obtained from magnetic data enable one to 
estimate the bonding parameters and overlap 
integrals. 

The molecular orbitals in an octahedral 
complex are quoted elsewhere. Tinkham’s 
workfl] may be referred for the purpose. We 
do not reproduce them again but simply 
note that for antibonding molecular orbitals 
which describe the motion of magentic 
electrons in the complex the bonding para¬ 


meters rirr and 7} a of TinkhanVs expressions 
should be conveniently replaced by — 
and —T)*, where tj* and are now implied 
to be positive. The orbital reduction factors 
are given by, 


kf {tttt ) = 




Iqincr) = 




where i — x, y, z, is the molecular orbital 
corresponding to the atomic 3 d orbital 
In case of pure O* symmetry, /c x = &„ = k g 
= &(say), and following Stevens[2] and Tink- 
ham[l] we have 


k{irir) = 1 (3) 

k(ir(T ) /V T TV f7 j^ 1 2(t 7 ir£ir ^ 7 fr^,T) 

- knnVft" - j (4) 

where, 

^= 1 - 47 + ( 5 ) 


( 6 ) 


and the parameters t?*-, 17 ^, 77 ^, r} 8 and overlap 
integrals 5*., S n have been defined by Tink- 
hamfl]. 

The reduction factor for the spin orbit coup¬ 
ling constant is given by expressions analo¬ 
gous to ( 1 ) and ( 2 ) with the simple change 
that l { should be replaced by £(/) / ( where 
£(/) is the S.O. coupling constant for the 
free ion. Following Tinkhamfl] these reduc¬ 
tion factors denoted by the symbol R , are 
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given by 

R(-nir) — N n 2 (7) 

R(it(t) = N V N„. (8) 

Armed with the expressions for k' s and 
R\ we set out to evaluate the bonding para¬ 
meters t)’s and overlap integrals S 's in the 
octahedral iron group complexes. Often 
reduction factors k' s and R’s are assumed 
to partake of the symmetry of the complex 
which is usually considered to be a distorted 
octahedron. The distortion being small we 
shall make an approximation by taking the 
mean values of k' s and R' s and use these 
mean values in the expressions (3), (4), (7), 
(8) for the octahedral case. 

(a) [Ti s+ , 6H 2 0): Magnetic measurements on 
susceptibility at different temperatures give 
the following parameters in the case of 
TiCs(S0 4 ) 2 . 12H 2 0 alum[3): 

kn(TTir) = 0-80 k x (irtr) = 0-58 

= 142-6 cm' 1 (i = 151-4 cm' 1 

Henceforth we shall omit the index ( 7 T 7 r) 
unless it is necessary to avoid confusion. The 
average value of k = b(k l + k J .+k u ) = 
J<Ai + 2A.l) = 0-65; and average ( = ik(u + 2(J 
= 148-5 cm' 1 , ((f) (free ion) being 154 cm -1 , 
R(7ttt) ~ 148-5/154-0 — 0 %. 

With these values of k and R, equations 
(3), (6) and (7) give = 0-85, S„ = 0-20. 

(b) [V 3+ , 6HjO]: Bose et al. [4] obtained the 
following parameters from magnetic data in 
the case of V(NH 4 ) (S0 4 ) 2 . 12H z O alum: 

aiiAji = 0-99 a i k 1 = 0-945 

= 66 cm' 1 n^ x =87-75 cm' 1 

where a,, and « x are the effective orbital 
Lande factors introduced by Abragam & 
Pryce[5], and for pure 0 A case a„ = a x = a 
— f. On the assumption of 0* approximation 
taking average values 


Hence k = $ (0-96) = 0-64. 

Similarly, mean ( = 53-67 cm" 1 , ((f) being 
102 cm' 1 R = 53-67/102 = 0-53. 

With these values of k and R we get as 
before, 

7^=116, 5* = 0-10. 

(c) [Fe 2+ , 6H 2 0]: Study of magnetic pro¬ 
perties of Fe (NH 4 ) 2 (S0 4 ) 2 .6H 2 0 by Mrs. D. 
Pal in our laboratory (Unpublished) gives the 
following values of reduction factors 

A# = 0-90 A x « 0-80 

R t = 0-85 R ± = 0-78. 

We proceed in the same way as in the case 
of Ti :,+ and get the following results: 

Average k = 0-83, average R — 0-80, 

17 * = 0-65 and S„ — 0-065 

(d) [Co* + , 6H 2 0j: The following values of 
the parameters have been obtained from mag¬ 
netic data in the case of Co(NH 4 ) 2 (S0 4 ) 2 
,6H 2 0[6]. 

«iiA|! = 1 20 a x k s — 1-096 

= — 194-4 cm" 1 a x { x — — 230-0 cm -1 
[((f) =-180 cm-']. 

Assuming 0 /( approximation and proceeding 
as in the case of V 3+ , we get the following 
results 

Mean k = 0-75, mean R = 0-81 
T) n = 0-78 and 5^ = 012. 

(e) [Ni 2+ , 6H 2 0]: Magnetic measurements of 
Bhattacharya and Majumdar[7] on NiSiF«, 
6H 2 0 give the following values of the reduc¬ 
tion factors: 

Ai = 0-786 k L = 0-825 

R ± = 0-955. 


ak — i(«nAi -f 2 a 1 k 1 ) = 0% 


Rt = 0-910 
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Taking mean values, k = 0*81, /? = 0*94 In 
this case the reduction factors which are ob¬ 
tained from the magnetic data are k(7r<r), 
R{jrar) and not kinn), R(mr). Further when 
both a and tt parameters are involved in the 
expressions for the reduction factors (vide 
equations (4) and (8)) we neglect the weaker 
7r-bonding in comparison with the usually 
stronger cr-bonding. Thus neglecting 77- 
bonding 

k = NM~2iloS„h R = N (T . 

Putting the mean values of k and R , we get, 
I)* = 0*64, S a = 0*11 

(f) [Cu 2+ , 6H 2 OJ: From the magnetic aniso¬ 
tropy data of Bose et al . [8J and the results of 
mean susceptibility at different temperatures 
measured accurately in our laboratory on 
CuK 2 (S0 4 ) 2 . 6H 2 0, we have evaluated the 
covalency reduction factors. These reduction 
factors have been evaluated by fitting the 
theoretically calculated values with the ex¬ 
perimental results as close as possible, and 
the closest fit is shown in Table 1. The theore¬ 
tical expressions for the gramme-ionic sus- 
ceptibilties are 


t/ — NJki „ 2 4 - o KJfyi __ 

K* AKJ U +*Nfi E{Ba) _ E{Bt 


r - N P k ±* 

Kl 4KT gl +2Nl3 E(E„) —E(B Ul ) 


where K = Boltzmann constant. 


ft = 

Si = 



4gyW) 1 
E(B iv )-E(Bu,) J 

RJcAifj 1 
E(E u )-E(B la ) J 


and the other symbols have their usual sig¬ 
nificance. Optical absorption experiment of 
Mukherjee and Chhonkar[9] on undiluted 
crystals of Cu K. 2 (S0 4 ) 2 .6H 2 0 shows only 
one broad band at 12400 cmwithout any 


clear fine structure. Further works{10] on 
aqueous solution and diluted crystals in¬ 
dicate that the separation between the 
fine structure components should be only a 
.few hundred cm' 1 , and hence in Table 1 
we approximately put [EiB^-ElB^)] 
*[£(£„)-£(£„)] =* 12400cm- 1 . Table 1 

Table 1. *„= 0-80, ^ = 0-60, = 0-96, 

R L = 0-75, {(/)=- 828cm-> [£(£*,)- 

£(«„)] - [E(E v )-E{B lu )] - 12400cm- 1 
A = 2-41 (2-43) [12], g x « 2-06(2 05) [12] 


Anisotropy Mean susceptibility 
Temperature°K (K«— ) x 10 6 KxW 


300 

581 

(572) 

1536 

(1551) 

250 

679 

(677) 

1833 

(1845) 

200 

830 

(830) 

2282 

(2301) 

150 

1070 

(1087) 

3026 

(3045) 

100 

1559 

(1573) 

4516 

(4497) 


Experimental values are indicated within parentheses. 


gives the following values of the reduction 
factors. 

k {{ - 0’80 k l = 0-60 

/?„ = 0*96 R t = 0-75. 

Taking mean values, k = 0-67, —0*82. As 

in the case of Ni 2+ , reduction factors of inter¬ 
est are kincr ), R(ttct) and neglecting 77- 
bonding we finally get = 0-75 and S a 
= 0 * 12 . 

The only unsatisfactory value of bonding 
parameter occurs in the case of V(NH 4 ) 
(S0 4 ) 2 . I2H 2 0. The bonding parameter ^ 
is found to be greater than unity indicating 
that orbitals of the magnetic electrons are 
more of ligand type. Probably the error lies 
in the magnetic data themselves or in the eval¬ 
uation of the reduction factors from these 
data. Further, in the case of Cu K 2 (S0 4 ) 2 
,6H 2 0 magnetic data indicate considerable 
anisotropy in the covalency reduction 
factors and neglect of 7 r-bonding renders 
them isotropic even under D ih symmetry [11]. 
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Thus, it is probably an over simplification of 
the state of affairs, when we assume a pure 
Oh approximation and neglect 7r-bonding in 
this particular case. 

It is to be noted that magnetic anisotropy 
and susceptibility experiments at different 
temperatures furnish enough data for accurate 
evaluation of the covalency reduction 
factors and e.p.r. ^-values, where available, 
not only provide an additional check on these 
parameters but also greatly facilitate their 
determination. These parameters, in turn, 
give useful information regarding the degree 
of covalency and overlap integrals as has been 
demonstrated above. The mean suscepti¬ 
bility data alone may, of course, be utilized 
to evaluate the covalency reduction factors. 
Indeed this has been done in the case of 
Titanium and Vanadium alums as magnetic 
anisotropy cannot be measured in the case of 
cubic crystals. However, use of the addi¬ 
tional magnetic data on anisotropy, if it 
can be measured, enables one to evaluate 
more accurately and reliably all the ligand 
field parameters including the reduction fac¬ 
tors because magnetic anisotropy is much 
more sensitive than mean susceptibility to 
these parameters [13]. Moreover, the accuracy 
of magnetic anisotropy experiments is higher 
than that of mean susceptibility; and when 
the results of these two measurements 
are combined with e.p.r. data, if avail¬ 
able, it would considerably reduce the con¬ 
fidence limits on the parameters that are deter 
mined in the ligand field treatment of mag¬ 
netic behaviours. However, even in absence 
of e.p.r, results, it is possible to evaluate 
these parameters from a careful analysis of 
susceptibility and anisotropy data. 

The importance of magnetic susceptibility 
and anisotropy measurements in providing a 
simple but efficient method to determine not 
only the degree of covalency but also overlap 
integrals in octahedral iron group complexes 
is obvious from the above discussion. 
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Harmonic mixing and energy relaxation of 
warm electrons in /i-GaAs at low temperatures 


{Received 8 September 1970 \ in revised form I November 
1970) 


1. INTRODUCTION 

The energy relaxation time t € of elemental 
semiconductors like Ge, Si and Te has been 
studied in considerable detail[1*6]. A number 
of papers have also been devoted to the non- 
ohmic transport and energy loss processes in 
111—IV compounds like lnSb(7-11], lnAs[l2] 
and GaAs[13, 14], at liquid helium tempera¬ 
tures where energy dissipation by acoustic 
phonon scattering via the deformation poten¬ 
tial and the piezoelectric potential are the 
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dominant mechanisms, It is the purpose of 
the present paper to report measurements of 
the microwave harmonic mixing d.c. signal 
of /i-type GaAs in the temperature range 
between 30 and 80°K where polar optical 
scattering is expected to be the predominant 
energy loss process [13], Warm electron 
energy relaxation times r e are deduced from 
these data and compared with calculated 
values including polar optical, piezoelectric 
and deformation potential scattering, A 
comment in a recent paper of Krishnamurthy 
et al.[ 15] on a previous publication dealing 
with the energy relaxation in p-Te[5] is shown 
to be not correct. 

2. EXPERIMENTAL 

The experimental setup to determine the 
energy relaxation time from the phase depend¬ 
ent harmonic mixing signal has been described 
extensively in Refs.[4] and[5]. The 1kHz 
modulated fundamental wave E y cos (<u/ + <£>) 
at 9*375 GHz is fed via a phase shifter into 
one of the arms of a single-ridged double-Tee 
junction, the second harmonic E 2 cos(2 cot) 
at 18-75 GHz to the other arm. Both waves 
are mixed in the GaAs —sample and produce 
a I kHz modulated d.c. signal, which is picked 
up by a resonance amplifier. The average X - 
band microwave field strength at the position 
of the sample was varied in the range between 
2 and 20 V/cm, the average A'-band microwave 
field strength was approximately 2V/cm. The 
ridged waveguide with the sample mounted 
between the broad walls was inserted into a 
liquid helium cryostat to obtain temperatures 
between 4-2 and 300°K. The temperature 
increase of the sample and the surrounding 
waveguide from 20 to 80°K took a time of 
about two hours and therefore allowed reason¬ 
ably accurate measurements at different 
temperatures. A reference sample in the 
waveguide system was held at room tempera¬ 
ture and permitted a continuous observation 
of the phase differences between the incident 
fundamental wave and the second harmonic 
wave. A detailed description of the experi¬ 


mental procedure including the calibration of 
the system was given in Ref.[5]. In the case 
of the present measurements with GaAs a 
calibration of the waveguide system with 
samples of other materials with known energy 
relaxation times was not necessary since the 
contribution of the energy relaxation to the 
phase shift in n-GaAs was negligible at tem¬ 
peratures higher than 80°K. Above this tem¬ 
perature the position of the phase shifter 
where the mixing signal vanished, remained 
constant with increasing temperature. All 
values of the phase difference due to the 
energy relaxation between 30 and 80°K were 
based on this constant phase above 80°K. 

The unoriented samples were cut from bulk 
single crystal /j-type GaAs with a Hall mobility 
of 3600 cm 2 /Vs at 77°K which increased to 
6200 cm 2 /Vs at 30°K. The carrier concentra¬ 
tion was 5 x 10 14 cm -3 at 77°K and remained 
constant down to 20°K. Indium contacts 
were alloyed to the samples. 

3. RESULTS 

Measured values of the relative phase 
shift i/j between fundamental and second 
harmonic wave due to the energy relaxation 
are plotted vs. temperature in Fig. 1. The 
phase shift has a constant value of 45° below 
30°K and decreases with increasing tempera¬ 
ture to a constant value of 0° at approximately 
80°K. The relation between ip and the energy 



Fig. I. Relative phase shift«// vs. temperature. 
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relaxation time r, is given by [ 16 ] 


technical notes 

energy loss via piezoelectric and deformation 


2y 3 + 6yV - 4yV -y 2 x - 9y 2 x 3 - 2yx 4 - 2x* 
tan “ H-3y* + 2/jc + 1 0y 3 jr 3 + 9y 2 x 2 - 2y 2 * 4 + + + 3x 2 


where x — <ar m , y ~ orr t , r m being the momen¬ 
tum relaxation time and oo~ 5*9x 10 10 rad/s 
the frequency of the fundamental wave. In 
the limit of jc = 0 this equation reduces to 
equation (2) of Ref. [4]. From equation (1) 
and values of r m calculated from the mobility 
{l and the relation r m = data of r f 

were obtained which are plotted vs. tem¬ 
perature in Fig. 2 (open circles). 

4. DISCUSSION 

The product oj r m which enters equation (!) 
in our case has its maximum value of T35 x 
I0~ 2 at 30°K. With this value of x = u>t the 
quantity 0 is smaller by 0-5° than for x — 0. 
This difference is smaller than the accuracy 
of measurement which is ±1°. Therefore 
momentum relaxation can be neglected. 
According to a theory by Paranjape) 17] the 
average rate of energy loss was calculated 
for the case of polar optical scattering in the 
approximation T v — 7 « 7, 7,. being the 
electron temperature, and T the lattice tem¬ 
perature, respectively. The velocity dis¬ 
tribution of the carriers is assumed to be the 
Maxwell-Boltzmann one at T e which is only 
a rough approximation in the warm carrier 
range. This leads to the expression 


potential scattering are included in Fig. 2. The 
theoretical expressions for r € in these cases 
were first derived by Kogan [19]. Curve b of 



Fig. 2. Energy-relaxation time of /Hype GaAs vs. tem¬ 
perature' (o) Experimental values, (a) Theoretical curve 
for polar optical scattering, (b) Theoretical ctfrve for 
piezoelectric scattering, (c) Theoretical curve for de¬ 
formation potential scattering 


= 


3 

2VTlH u 


die) 


z exp(fl/T) — 1 
exp(0/2T)K { A0/2T) 


( 2 ) 


where £ ( , = 5950 V/cm is the coupling field, 
m* = 0*064 m 0 is the effective mass and 6 = 
418 0 K is the Debye temperature of n-type 
GaAs [18]* k n denotes Boltzmann’s constant 
and K 0 a modified Bessel function. The result 
of the calculation is plotted in Fig. 2 (curve a). 

For comparison, the temperature depen¬ 
dences of the energy relaxation times due to 


Fig. 2 is calculated for piezoelectric energy 
loss with a coupling parameter = 1 X 10 l ° 
dyn/cm 2 . This value is obtained from the 
elastic and dielectric constants of GaAs 
tabulated by Willardson and Beer[20]. Curve 
c of Fig. 2 is computed for deformation 
potential scattering with [21] E x = 7 eV. 
Obviously the energy loss is dominated by 
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polar optica] scattering alone and there is 
good agreement between experiment and 
theory in the temperature range investigated. 

APPENDIX 

In a recent paper of Krishnamurthy et al. [15] it was 
pointed out that r m would affect the conclusions of our 
work on energy relaxation in p-Tellurium[5]. Despite 
the fact that equation (12) of Ref. [15] is not correct [16], 
the value of a*T m was 1*3 x 10 -2 at 150°K corresponding 
to a mobility of 2560cm 2 /Vs at this temperature, and an 
effective mass m*=0-15mo. The influence of arr m cal¬ 
culated with equation (I) yields a contribution to tan 2 $ of 
4 per cent or 0 05° in which is well below the accuracy 
of measurement. Thus our conclusions on energy relaxa¬ 
tion in p-Te are not influenced by momentum relaxation. 

Acknowledgements —Thanks are due to Professor K. 
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FAR INFRARED FREE-CARRIER ABSORPTION IN 
h-TYPE GALLIUM ARSENIDE* 

s. perkowitz 

Physics Department, Emory University, Atlanta. Georgia 30322. U.S.A. 

{Received 30 November 1970; in revised form 29 March 1971) 

Abstract -The far i.r. absorption between 20 and 200 cm' 1 has been measured at 300 and 77°K in one 
high resistivity and three doped samples ofTT-type gallium arsenide. The doped samples had carrier 
concentrations of 2-6 x JO 1 *, 5 0 x I0 16 and 1*5 x 10 J8 cm~\ As was predicted in an earlier paper, in the 
limit (wt) 2 1 the free-carrier absorption in the far i.r. approaches the Drude form with frequency 

dependence or 2 . The absorption data were fitted to the Drude equation to yield values of carrier 
concentration and mobility which agreed fairly well with the Hall values at room temperature. Some 
deviations from the predictions of the Drude theory were noted. The data were taken using a Fourier 
transform spectrometer and a Golay detector and some comments on the suitability of this system 
for far i.r. measurements in doped semiconductors are given. 


1. INTRODUCTION 

The optical absorption of gallium arsenide 
has been thoroughly examined [1-4] in the 
middle i.r. region 200 to 2000 cm' 1 . While 
the lattice behavior has been found to be 
describable by the usual single-oscillator 
model [5,6], the free-carrier absorption has 
required a more complicated theory. This 
absorption is certainly not described by the 
Drude model in the middle i.r. since, in the 
limit cur > 1 (where oj is the optical frequency 
and r is the electron scattering time) the 
absorption has the dependence or 3 rather than 
the predicted dependence or 2 . Spitzer and 
Whelan[l] and others [2-4] have observed 
this inverse cube dependence for rc-type 
samples with carrier concentrations between 
1-5 x 10 16 and 9 x 10 18 cm -3 at frequencies 
between 500 and 2000 cm -1 . These results 
were explained by the quantum mechanical 
calculations of Visvanathan[7], Dumke[8] 
and especially Haga and Kimura[9], The latter 
calculated the total absorption as the sum of 
an acoustic mode contribution with frequency 
dependence or 2 , an optical mode contribution 
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with dependence a> -2 * 4 and an ionized im¬ 
purity term with dependence o>~ 3 3 . 

In his calculation, Dumke had noted that 
the quantum theoretical result for absorption 
approaches the classical result for photon 
energies much less than the carrier energies. 
In a recent paperflO] this criterion was used 
together with the Haga-Kimura results to 
show that the free-carrier absorption in /i-type 
gallium arsenide should show nearly classical 
behavior for frequencies below 200 cm"*', 
carrier concentrations above 1 x 10 17 cnr 3 and 
temperatures between 77 and 300°K. This 
paper reports the results of far i.r. absorption 
measurements between 20 and 200 cm” 1 at 
300 and 77°K in one high resistivity and three 
doped samples of «-type gallium arsenide. 
The doped samples had carrier concentrations 
well below the predicted lower limit, but it 
was found that the bulk of the absorption 
data could be described by the simple Drude 
model. Far i.r. absorption measurements 
have been reported previously in high resist¬ 
ivity gallium arsenide [6,11] as well as in 
lightly doped samples[12,13]. Both of the 
latter measurements were made at 4*2°K and 
the emphasis was on shallow donor absorp¬ 
tion rather than on free-carrier absorption. 
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2. EXPERIMENTAL DETAILS 

The single crystal samples were obtained 
from the Bayside Laboratories of General 
Telephone and Electronics, Inc. Details of 
sample dimensions and room temperature 
mobilities and carrier concentrations are 
given in Table 1. The sample diameters are 
quoted to give an idea of the sample size 
which can be successfully examined by the 
techniques described below. The carrier 
concentration and mobility values were ob¬ 
tained by Hall and resistivity measurements 
using the van der Pauw geometry and were 
calculated assuming a scattering factor of 
unity. All the samples were mechanically 
polished on both faces to a smooth mirror 
finish. 

The far i.r. transmission data were ob¬ 
tained by Fourier transform spectroscopy, a 
technique which has been fully described 
elsewhere! 14|. A commercial system, the 
Grubb Parsons Mark II Cube interferometer, 
was used almost exactly as supplied. Most of 
the data were obtained using a 12-5 micron 
Mylar beamsplitter which gave a usable 
signal level over the range 20 to 200cm"'. 
Data were taken with a resolution of either 
4 or 8 cm \ corresponding to running times 
of 40 or 20 min. The lower resolution gave a 
noticeable improvement in the signal-to-noise 
ratio and was adequate to resolve most of 
the structure seen in the transmission curves. 
The transmission coefficient was obtained 
by a sample in-sample out method. 

The transmitted radiation was detected by 
means of a Unicam Golay cell. This type of 
detector is less sensitive than any of several 
types of cooled detector, but its simplicity 
and ease of operation are most attractive. 
The Golay cell was sufficiently sensitive to 
permit the use of samples as small as those 
described in Table 1, samples so small that 
the necessary masking reduced the useful 
light intensity 90 to 98 per cent. However, it 
was clear that the detector was being operated 
near the limit of its useful range. In all cases 
it was necessary to average over several runs 


to obtain a completely satisfactory signal-to- 
noise figure. In an attempt to measure trans¬ 
mission in a sample with a carrier concentra¬ 
tion of 1 x 10 17 cm" 3 and of the same general 
size and thickness as those described here, it 
was found that the interferogram maximum 
could not be distinguished from the noise 
except after averaging over eight runs; even 
then, the signal-to-noise ratio was too low to 
be useful. To use a Golay cell to examine 
semiconductor samples with concentrations 
above the mid-10 1R range, it would be neces¬ 
sary to use samples of larger lateral dimension, 
though these may not be available in single¬ 
crystal form; or to use thinner samples, though 
thicknesses less than 0 05 cm would require 
careful handling. One advantage of the use 
of small samples is that it reduces the con¬ 
vergence error in the Grubb Parsons instru¬ 
ment which was recently discussed by Fleming 
[151. The error in the calculated absorption 
coefficients due to this convergence effect 
was calculated and found to be less than 5 
per cent for the fairly large absorptions 
obtained at room temperature, and less than 
10 per cent for the smaller absorptions 
measured at 77°K. 

3. RESULTS ANI) DISCUSSION 
Figures 1 and 2 show the absorption coeffic¬ 
ient vs. frequency curves for all four samples 
at 300 and 77°K, respectively. The absorption 
coefficient a was obtained from the transmis¬ 
sion data by means of the relation 


where T is the transmission coefficient, R is 
the reflectivity and x is the sample thickness. 
Since a separate measurement of the reflectiv¬ 
ity was not made, R was calculated from the 
expression R = (n- I) 2 /(tf + I) 2 where n is 
the real part of the refractive index. This 
expression has been simplified by assuming 
that n z k 1 where k is the imaginary part of 
the refractive index. A second simplification 
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Fig. I Absorption coefficient at JOCK, as a function of 
frequency for the four samples listed in T able I. 


was made by assuming that the free-carrier 
contribution to the real part of the dielectric 
constant was negligible. This approximation, 
together with the condition n 2 $> A 2 , means 
that n is given by the pure lattice expression 


o> 7 / 

where e s and e* are the static and high fre¬ 
quency dielectric constants respectively, a> T is 
the transverse optical frequency and where 
a damping term has been omitted because it is 
unimportant for frequencies much below o> r . 
For the carrier concentrations and absorptions 


encountered here, the simplifying assumptions 
introduce a negligible error into the calcula¬ 
tion of a from equation (1) for frequencies 
above about 25 cm' 1 . However, equation (2) 
as written is a good approximation to n only 
for frequencies above about 40 cm" 1 . The 
numerical values of the lattice parameters 
were taken as = 1M0, e, — e* = 1 *95 and 
f T = (*} T l 27 rc = 268-2 cm' 1 as given by Iwasa 
et al. [ 16], at both 300 and 77°K. 

The most obvious feature of the data shown 
in Figs. 1 and 2 is the distinct difference in 
shape and large difference in magnitude be¬ 
tween the curve for the high-resistivity sample 
1 on the one hand and the curves for the doped 
samples on the other. These differences are 
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Fig 2 Absorption coefficient at 77°K as a function of frequency 
for the four samples listed in Table 1 


Table 1. Summary of dimensions, electrical and optical results for carrier concentration and 
mobility , and frequency dependence of the reduced absorption a for the gallium arsenide 
samples used in the absorption measurements . The quantity p is defined by the relation ot' oc or" 


Sample 

Diameter 

(cm) 

Thickness 

(cm) 

Temperature 

(°K) 

P 

Carrier concentration 
(cm 3 ) 

Electrical Optical 

Mobility 
(cmVvolt-sec) 
Electrical Optical 

1 (a] 

0-4 

01095 







2 

0-3 

0 0540 

300 

1-9 

2 6( 10 1S ) 

2-9(10 ,s ) 

[bj 

4400 




77 

18-2-3 

tbl 

IcJ 

[b] 

IcJ 

3 

0-6 

0 0462 

300 

1-9 

50< 10 15 ) 

7-ino'*> 

4300 

4800 




77 

21 

(HI 

3-6U0' 5 ) 

[bl 

3000 

4 

0-6 

0 0758 

300 

20 

I5-0U0 15 ) 

9-5( I0 11 ) 

5600 

4000 




77 

19 

[bl 

7-5(J 0 la ) 

[bl 

4800 


[aj High resistivity sample. 

(b) Data not available. 

[c] Fit not made lo optical data. 
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due to free-carrier absorption. It is apparent 
that in the far i.r., this absorption is large 
compared to the lattice contribution even for 
low carrier concentrations. The data for the 
high-resistivity sample shows some structure 
which appears as additional onsets of absorp¬ 
tion at about 60 and 150 cm -1 and as two small 
peaks between 80 and 100 cm' 1 . Stolen [11 ] 
has observed similar structure in high-resistiv¬ 
ity gallium arsenide and has ascribed it to 
multiphonon effects. 

To analyze the free-carrier absorption, it is 
useful to assume that the total absorption can 
be written as the sum of a lattice term and a 
free-carrier term. The analysis will show that 
this assumption is justified. Since the absorp¬ 
tion measured in sample 1 should represent 
lattice effects only, the subtraction of this 
data from the absorption for the doped samples 
should yield the desired free-carrier term. The 
subtraction was carried out for all the doped 
samples at both temperatures and the resulting 
reduced absorption a was plotted against 
frequency on a log-log scale. Typical curves 
are shown in Fig. 3. In all cases, it was possible 
to fit the data over a large frequency range by 
a straight line. A least-squares fit was made to 
the linear region of each curve. The slopes 
of these best-fit lines are given in Table 1 and 
it can be seen that except for sample 2 at 
77°K, the reduced absorption varies as 
w -( 2 ±o d j n a j| cases scatter in the low- 
temperature data for sample 2 was too great 
to allow an unambiguous straight-line portion 
to be defined and the slope could be fixed only 
between the limits shown. 

The approximate inverse quadratic depend¬ 
ence on frequency suggests immediately that 
the Drude theory is valid to describe the free- 
carrier absorption, provided the condition 
(cot ) 2 > 1 is met. We will analyze the reduced 
absorption in terms of the Drude theory, 
first showing that with a certain approxima¬ 
tion the absorption can be separated into 
lattice and free-carrier parts and then discuss¬ 
ing the frequency dependence and magnitude 
of the absorption. From the standard develop¬ 



Fig. 3. Reduced absorption coefficient as a function of 
frequency for two of the doped samples at 300°K and one 
doped sample at 77°K. The solid lines are drawn with a 
slope of —2. 


ment, the total absorption is given by 




u v 2 t \ 
co(l + CU 2 T 2 )/ 


(3) 


where e/ flr depends on lattice parameters 
only and where u) v is the plasma frequency. 
This latter quantity is defined by the relation 
o) p 2 = 4irNe 2 lm* where N is the free-carrier 
concentration and m* is the effective mass. 
The quantity n in the denominator of equation 
(3) in general contains both free-carrier and 
lattice parameters so that the total absorption 
cannot be written as the sum of a lattice term 
and a free-carrier term. However, for the 
samples considered here, n is given by equa¬ 
tion (2) and contains only lattice parameters. 
With this simplification it is possible to 
define a pure lattice absorption term 
and, after subtracting this term from the total 
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absorption, to obtain a ‘free-carrier absorp¬ 
tion 

* =__. (4) 

/c w(]+a> 2 r 2 ) 

This result is to be compared to the reduced 
absorption a for frequencies above 40 cm' 1 . 

The frequency dependence of a fc is given 
almost wholly by the term (1 +g> 2 t 2 )“ i since, 
as can be determined from equation (2), n is 
almost independent of frequency in the far i.r. 
Over the range 40 to 200 cm" 1 n changes by 
less than 9 per cent. Thus in the limit (wr) 2 1 

the free-carrier absorption exhibits the inverse- 
square dependence. As the frequency becomes 
so low that cot ^ I the term (1+wV) be¬ 
comes less sensitive to frequency and the 
free-carrier absorption curve flattens out. The 
transition between the two limits (cut) 2 <£ 1 
and (cot ) 2 > 1 has been observed by Ellis 
and Moss117] in silicon carbide. In that 
material the Hall mobilities are much lower 
than in gallium arsenide and ojt - 1 at middle 
i.r. frequencies near 700 cm" 1 . For all three 
of the present samples the Hall mobilities 
are such that cot = I at about 30 cm 1 . Both 
the inverse square dependence and the flatten¬ 
ing out of the absorption curve are apparent 
in Fig. 3. The inverse square behavior occurs 
at frequencies consistent with the condition 
(cot ) 2 > 1 for all three samples. The flattening 
out of the curve appears to begin at about the 
right frequency for samples 2 and 3 but for 
sample 4 starts at far too high a frequency. 

To further test the validity of equation (4) 
to describe the data, a least-squares fit was 
carried out. The data can be fitted to the equa¬ 
tion to obtain "optical' values of and r, 
which can be used to calculate the carrier 
concentration N and drift mobility /x = er/m*. 
The fit is made most easily by noting that if n 
is taken as a constant, a plot of (a')" 1 vs. a> 2 
should yield a straight line of slope ncrio) 2 and 
^-intercept nc/co p 2 r. Such a fit was made to 
each set of data, except for the set describing 
sample 2 at 77°K, at frequencies above 40 
cm' 1 . For sample 2 at 300°K and for sample 3 


at 300 and 77°K the fit was satisfactory. For 
sample 3 at both temperatures, the fit was 
reasonably satisfactory only for frequencies 
above 80 cm- 1 and <o p and r were calculated 
using only the corresponding portion of the 
data. In all cases N and /x were found by 
using the value m*lm 0 = 0*072[ 18] and by 
taking n as a constant equal to its average 
value over the frequency range. The optical 
values are compared to the electrical results 
in Table 1. The agreement at 300°K is fair 
overall, with differences of 12 to 42 per cent 
in the concentration and mobility values. 
Since there are no electrical data at 77°K, an 
exact comparison cannot be made. One would 
not expect the carrier concentration to change 
drastically between 300 and 77°K so the 
optical results for N are probably of the right 
order of magnitude. However, judging from 
typical values for gallium arsenide Hall 
mobilities at 77°K, the optical mobility values 
appear to be far too small. 

Though the Drude theory has been fairly 
successful in describing much of the free- 
carrier data, there are some aspects of the 
results which are inconsistent with the Drude 
model. One such anomaly, previously men¬ 
tioned, is the premature flattening out of the 
absorption curve for sample 4. This behavior 
seems to be part of a general effect occurring 
in all the doped samples. As Figs. 1 and 2 
show, the absorption curves for all three 
samples exhibit a maximum at frequencies 
ranging from 25 to 70 cm -1 . The Drude theory 
does in fact predict the presence of a low 
frequency maximum if the carrier concentra¬ 
tion is low but, as will be seen, the predicted 
and observed positions of the maxima are in 
poor agreement. It is not obvious that the 
Drude theory leads to such low-frequency 
maxima. The derivation is not difficult but is 
algebraically complicated and we will only 
sketch its outline here. At very low frequencies 
the lattice absorption becomes completely 
negligible compared to the free-carrier term 
for the carrier concentrations used here and 
the total absorption is very nearly just a/ r . A 
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consideration of equation (4) shows that if the 
frequency is so low that (cor) 2 1, then a fc has 
a maximum approximately where n has a 
minimum. At such low frequencies it is no 
longer valid to omit the free-carrier contribu¬ 
tion to the real part of the dielectric constant 
or to take n 2 > k 2 so that equation (2) is not 
even approximately correct. In a full develop¬ 
ment for /?, it can be shown that n has a mini¬ 
mum and that therefore a has a maximum at a 
frequency which depends on co p and r in a 
complicated way. The positions of the maxima 
for samples 2, 3 and 4 at 300°K were calcul¬ 
ated as 10, 14 and 21 cm -1 respectively. The 
observed positions are all shifted to much 
higher frequencies, namely, about 40, 40 and 
70cnrr l respectively. A second anomaly, 
which is perhaps related to the shift in the 
positions of the maxima, arises from the fact 
that the absorption curves for samples 3 and 4 
intersect at about 70 cm -1 at both 300 and 
77°K. Such an intersection cannot be explained 
by the Drude theory if the quoted values of the 
free-carrier parameters, even with reasonable 
error estimates, are used. 

4. CONCLUSIONS 

The main portion of the present results 
confirms the prediction that for far i.r. fre¬ 
quencies such that (ojt) 2 1, the free-carrier 
absorption in gallium arsenide varies as or 2 . 
This behavior was observed for carrier con¬ 
centrations much less than the estimated 
lower limit of 1 x 10 17 cirr 3 . The error in the 
estimate seems to lie in the previous analysis 
[10] of the optical mode contribution to the 
total absorption. This contribution is expected 
to dominate at the carrier concentrations and 
temperatures used here. A reconsideration of 
the optical mode term suggests that the condi¬ 
tions oj t > oj and kT > hu, where T is the 
temperature and a >, is the longitudinal optical 
frequency, are sufficient to obtain classical 
behavior for nondegenerate samples. The 
present samples are distinctly nondegenerate 
at both 300 and 77°K and the condition 
<*>i > to is met in the far i.r. The condition 


kT > ftcu is met for frequencies below 200 
cm -1 at 300°K but requires frequencies below 
50 cm -1 at 77°K and so is not satisfied over 
much of the frequency range at the lower 
temperature. Therefore, although the new 
criteria eliminate the prediction of a lower 
limit in carrier concentration, they do not 
explain why classical behavior is observed 
at 77°K. 

The anomalous behavior of the absorption 
peaks for samples 2 and 3 occurs at frequencies 
such that u)7 — 1. The connection between the 
quantum and classical absorption theories is 
clear-cut only for (cjt) 2 $> 1 and it perhaps 
should not be surprising that the low-frequency 
results deviate from the Drude theory. This 
is definitely not the case for sample 4, how¬ 
ever, where the anomalous behavior is seen 
at frequencies such that (cur) 2 1 and there 
is no obvious explanation for the relatively 
large disagreement with the Drude theory. 

A large part of the discrepancy between the 
optical and electrical values for N and /x can 
be ascribed to measurement errors in the 
absorption coefficients and in the electrical 
data. Such errors account for deviations of 
20 to 25 per cent. An additional deviation of 
perhaps 10 per cent may be due to the differ¬ 
ences between the Hall mobility and the drift 
mobility though not all the discrepancies are 
in the right direction. All these deviations are 
not quite large enough to completely explain 
discrepancies of the order of 40 per cent. This 
disagreement probably represents some 
departure from the Drude theory even in 
the region where a reasonable fit can be made 
to equation (4). 

Much of the interest in any future far i.r. 
semiconductor measurements should lie in 
further exploration of the very low frequency 
region, and in the comparison of optical and 
electrical values for the free-carrier parameters 
as a means of obtaining scattering information, 
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Note added in proof: While this paper was in proof the 
author was made aware of the work of H. Sobotta [ Phys . 
Lett. 32A, 4 (1970)J who measured absorption between 
70 and 250cm 1 at 300°K in n-GaAs. His results for 
carrier concentrations of 30xI0 1H and Mxl0 17 cm _it 
could be generally described by the Drude theory but 
there were large discrepancies between the electrical and 
optical mobilities. 
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Abstract — Optical absorption and emission spectra and relaxation of Eu Sf ions and of Cr 34 impurities 
in a Eu(PO ;i ) 3 glass are reported. Europium fluorescence occurs from the 5 D 0 state with near-unity 
quantum efficiency at low emperatures. The Cr 34 fluorescence occurs in the form of a broadband 
emission in the near-infrared which is attributed to Stokes-shifted 4 7 2 —► A A 2 transitions. The Eu 34 
emission overlaps the Cr 34 absorption bands and both radiative and nonradiative Eu 34 -* Cr 34 energy 
transfer were observed. To investigate the transfer processes, the Eu 34 fluorescence decays were 
measured as a function of temperature and chromium concentration. The results indicate that non¬ 
radiative energy transfer involves a combination of energy migration through the Eu 34 system and 
transfer to fast-relaxing Cr 34 ions which act as quenching centers. 

1 . introduction rare-earth ions present as impurities in other 

The optical absorption and emission spectra glasses[6,7]. Here these processes are studied 
of europium metaphosphate glass have been * na 100 per cent rare-earth glass, 
investigated and are found to be similar to Investigation of the energy level scheme 
those reported for Eu 3+ ions in other glasses am * decay properties of Cr 3+ ions in Eu(P0 3 ) 3 
[1-3]. In undoped Eu(P0 3 ) 3 glass, the Eu 3+ g* ass reveals that they are well suited to serve 
fluorescence occurs with near-unity radiative as fast-relaxing sinks for Eu 3+ excitation, 
quantum efficiency at low temperatures. This Europium-to-chromium energy transfer in an 
is in contrast to the behavior of Eu 3+ ions in europium aluminum borate (EuAljB-tOia) 
many crystals where at high europium con- doped with chromium impurities has been 
centrations self-quenching of fluorescence due reported by Blasse and Bril and was attri- 
to multiple-ion interactions is frequently buted to long-range electric multipole coup- 
observed [4,5]. Although the Eu 3+ -Eu 3+ lin 8 between Eu 3+ and Cr J+ ions[8]. Such 
coupling in Eu(P0 3 ):i is insufficient for self- interactions are active in Eu(P0 3 ) z'.Cr 3 * 
quenching, resonant energy transfer is still gl ass - The observed characteristics of the Eu 3+ 
possible. While this does not result in net decay and its dependence on temperature and 
relaxation of the excited Eu 3+ system, it can chromium concentration indicate, in addition, 
lead to energy migration and subsequent that energy migration through the Eu 3+ system 
transfer to other quenching centers. Migration to Cr 3 ^ impurities also pays an important role 
of excitation to energy sinks has been invoked * n relaxation of Eu 3 ^ ions, 
previously to account for the relaxation of Measurements and interpretation of the 
_absorption and emission spectra of Eu 3+ and 

*Research supported in part by the Night Vision ions in Eu(P0 3 ) 3 glass are presented 

Laboratory, Ft. Belvoir, Va., u.s.A. below together with studies of the fluorescence 
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kinetics following pulsed selective excitation. 
Calculations of the radiative contribution to 
the excited state lifetimes are made to deter¬ 
mine the quantum efficiencies in the absence 
of energy transfer. Pulsed and steady-state 
experiments are then employed to establish 
the existence and nature of radiative and non- 
radiative Eu a Mo-Cr H energy transfer. The 
dependences of the energy transfer on chrom¬ 
ium concentration and on temperature are also 
examined. A detailed elaboration of the theory 
and interpretation of the processes active in 
the nonradiative transfer is presented in a 
separate paper[9]. 

2. EXPERIMENTAL PROCEDURES 
Samples of chromium-doped Eu(PO ;t )a 
glasses were prepared at the National Bureau 
of Standards. The starting materials consisted 
of reagent grade ammonia phosphate, euro¬ 
pium oxide, and chromium oxide of 99-99 per 
cent purity. The batch ingredients were fired 
for 4 hr at 850°C in a Vycor crucible and 
were then transferred to a platinum crucible 
where they were melted at 1450°C for 
approximately 2 hr. The charge was then 
poured on a heated plate, placed in an anneal¬ 
ing furnace at 600°C, and cooled over a 
period of about 8 hr. Undoped samples of 
EufPO;i);i had a very pale peach coloration; 
the chromium-doped samples were green. 
The measured density of the europium meta¬ 
phosphate glass was 3-48gm/cm :{ ; the refrac¬ 
tive index at 643-8 nm was 1 585. A spectro- 
chemical analysis of the impurities in the 
undoped Eu(PO ;1 ),j glass is given in Table I. 


Table 1, Spectrochemical analysis of 
impurities in undoped Eu(P0 3 ) 3 glass 


Element 

Concentration (wt. %) 

Ca. V. Mn 

0-01-0 001 

B, Mg, AJ j 

0-001-0-0001 

Si, Fe, Cuj 


Cr 

0-0001 

Rare earths 

Not detected 

(other than Eu) 



Absorption spectra were recorded using a 
Cary 14 spectrophotometer. Fluorescence 
studies were performed using a 0*5 m grating 
monochromator equipped with a cooled S-l 
photomultiplier detector; the excitation 
source was a high-pressure xenon arc lamp. 
For recording excitation spectra, another 
grating monochromator was introduced be¬ 
tween the source and the sample. The sample 
was contained in a quartz dewar through 
which flowed dry nitrogen gas. By a combina¬ 
tion of a liquid nitrogen heat exchanger and a 
nichrome wire heater, the gas temperature 
could be varied continuously from 77 to 
700°K. The sample temperature was measured 
with a thermocouple. 

Pulsed selective excitation and fluorescence 
decay studies were performed in the above 
optical arrangement by replacing the xenon 
arc lamp with a xenon flashlamp, the total 
flashlamp pulse duration of *=5ju,sec. Fluor¬ 
escence decay signals were displayed directly 
on an oscilloscope and photographed. 

3. OPTICAL PROPERTIES OF EUROPIUM 
Spectra 

The observed optical absorption and emis¬ 
sion spectra of Eu(P0 3 ) ;3 are characteristic of 
transitions between the lower energy levels 
of the 4 f v> configuration of trivalent europium. 
The absorption spectrum recorded at room 
temperature is given in Fig. 1. The absorption 
bands at approximately 580-600. 525, 465, 
415, and 390 nm are identified as transitions 
from 7 F {) and 7 F\ levels to the r> T> 0 , r, ZX, 
r, D 3 , and other :> Z). 5 G, 5 L states of Eu 3+ , re¬ 
spectively. The wavelengths, intensities, and 
widths of these 4/-4/transitions are in general 
similar to those observed for Eu 3+ ions in 
other glasses[1 —3]. 

Fluorescence was observed from the r, D 0 
level at 17,280 cm -1 to levels of the 7 F ground 
multiplet. No fluorescence from or higher 
excited states of Eu :H was observed. This is 
not unexpected since at high europium con¬ 
centrations these states are usually quenched 
by ion-ion interactions and 5 £) 0 is the only 
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Fig. 1. Absorption spectrum of Eu(PO rj ) ; , glass at 295°K. Sample thickness: A = 0*056 

cm, B — 0-465 cm. 


metastable state. The 5 D 0 —> 7 F, spectra re¬ 
corded at 77 and 600°K are shown in Fig. 2 
(the transitions to 7 F r , and 7 F 0 are very weak 
and are not included). The wavelengths and 
relative intensities of the various transitions 
are given in Table 2. The energy level scheme 
derived from the absorption and fluorescence 
spectra is illustrated in Fig. 3. 

Divalent europium, which may be formed 
by electron transfer, can give rise to strong 
emission in the near-ultraviolet[10]. A search 
was made for the characteristic fluorescence 
expected from Eu 2+ but none was found. 

The 5 £> 0 —> 7 F { fluorescence lines of Eu 3+ 
are magnetic-dipole allowed transitions; the 


other fluorescence lines arise from forced 
electric-dipole transitions. The large ratio of 
the fluorescence intensities for the 5 D 0 —► 7 F 2 
and r> D 0 7 F, transitions implies a low sym¬ 
metry field at the europium site[2]. Robinson 
and Fournier[11], from optical absorption and 
emission studies of Yb 3+ , have suggested that 
the Yb 3 "* ions are located at sites of near 
octahedral symmetry in rare-earth (RE) meta¬ 
phosphate glasses having approximate com¬ 
positions RE(PO;j)y. In the present glass, the 
splitting of the 5 /> 0 — 7 F ] transition into three 
resolvable lines (complete removal of the 
/-degeneracy) indicates that the symmetry at 
the Eu 3+ site is not only non-cubic but lower 


Table 2. Wavelengths and relative intensities 
of 5 D {) —► 7 F fluorescence transitions of Eu 34 ^ 
in Eu(PO 3 ) 3 glass 


Terminal 

state 

Relative 

intensity 

Peak 

wavelengths (nm) 

7 F 0 

0-8 

578*7 

7 F, 

13*8 

588-0, 592*3, 596-8 

7 F 2 

67*7 

611*4. 615*2, 619*2, 622 -9 

7 F, 

3*4 

653*4,661*2 

7 F, 

12*8 

690-4,710*9 

7 F S 

0-4 

-746 

7 F a 

H 

-810 
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Fig. 2, —*► 1 1 fluorescence spectra of Eu(PO ;[ ) y glass. The gain for 

600°K spectrum was increased by ~ X5. 


than axial symmetry. Also, unlike Yb 1+ where 
the y-manifolds are well separated, significant 
y-mixing between the 7 Fj states of Eu n+ is 
probably present which can further reduce the 
selection rules for radiative and nonradiative 
transitions. 

The Eu' 14 absorption and emission lines in 
Figs. 1 and 2 are broad even at low tempera¬ 
tures as is typical for rare-earth ions in glasses. 
Although the structure observed in the optical 
spectra indicates distinct symmetry at the 
Eu 3+ site, the width and asymmetry of the 
lines indicate site-to-site variations in the 
crystal field. The width of the 7 F 0 ^ 5 Z> 0 
transition, which is least sensitive to local 
fields, is 60 cm” 1 . This is much greater than 
would be expected if the sites were all equi¬ 
valent. The observed broadening can arise 


from the existence of non-uniform, non¬ 
identical ligand fields caused by a variety of 
local site symmetries and by different ranges 
of rare earth-oxygen bond distances. Recently 
a model for the rare-earth ion site in phosphate 
glasses has been proposed[12, 13]; it involves 
coordination by three P0 4 tetrahedra and 
associated distortions which reproduce many 
of the features of the observed Yb 3+ line- 
shapes. A similar model may be apropos for 
the present glass. 

At elevated temperatures the spectra be¬ 
come broadening due to thermal vibrations. 
This thermal broadening eventually becomes 
comparable to the inhomogeneous broadening 
due to the unequivalent sites and accounts for 
the loss of structure in the spectra seen from 
Fig. 2. 
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26,131cm- 1 

25,224 

24,135 

21,531 

19,035 

17,280 





degeneracies g { and g h 



dp = 


gj c 2 Nj 
gi 87 rn 2 p^ 


( 1 ) 


where N { is the number of Eu 3+ ions per cm 3 in 
level /, n is the refractive index, and c is the 
velocity of light. The three peaks in the 580- 
620 nm region labeled 5 D 0 in Fig. 1 correspond 
to transitions to 5 D 0 from the 7 F 0 ground state 
and thermally populated levels of the 7 F, and 
7 F 2 excited states. The integrated absorption 
coefficients of these lines together with the 
Boltzmann populations N { for the initial level 
/ were used in equation (1) to find the spontan¬ 
eous emission probabilities r^ 1 from 5 Z> 0 to 
7 F, and 7 F 2 . The results were in good agree¬ 
ment with the corresponding relative fluores¬ 
cence intensities in Table 2. The total radiative 
decay rate was determined by summing the 
probabilities from 5 Z) 0 to all levels of 7 F, that is, 


Fig. 3. Lower energy levels of Eu 3 + in Eu {P0 3 ) 3 glass; 
individual Stark levels are not shown. Energies are in 
cm l . 



( 2 ) 


Fluorescence kinetics 

The Eu 3+ fluorescence kinetics were 
examined after exciting an undoped Eu(P0 3 ) 3 
sample with radiation from a xenon flashlamp. 
The risetime of the europium rj D 0 fluorescence 
following selective excitation at 466 or 395 nm 
was <5pisec, thus indicating rapid decay 
from the higher excited Eu 3+ states to 5 D 0 . 
The r ’D () fluorescence exhibited a simple 
exponential decay with a characteristic life¬ 
time of 2.1 msec at 77°K. The observation that 
the decay can be fitted by a single exponential 
indicates that site-to-site variations are not so 
large as to cause greatly differing decay rates. 
The temperature dependence of the lifetime is 
shown in Fig. 4 and is discussed later. 

The radiative contribution to the 5 D 0 life¬ 
time was found from the Einstein relationship 
between the integrated absorption coefficient 
k{v) and the spontaneous emission lifetime 
r [ 14]. For electric-dipole transitions of fre¬ 
quency v u between levels i and j having 


The Tjf values were found from the above re¬ 
sults and the relative fluorescence intensities 
in Table 2. Using equation (2), the total cal¬ 
culated radiative lifetime was 2*3 msec; the 
uncertainty was estimated to be ± 10 per cent. 
This agrees, within the estimated error, with 
the measured 5 D 0 lifetime in Fig. 4 extra¬ 
polated to low temperatures. Therefore the 
5 Z> 0 decay in undoped Eu(P0 3 ) 3 has near¬ 
unity quantum efficiency at low temperatures. 

This result may seem surprising since 
quenching of europium fluorescence by 
multiple-ion interactions is frequently 
observed [4,5] at Eu 3+ ion densities such as 
that present in Eu(PO a ) 3 glass. However, be¬ 
cause of the site-to-site crystal field variations 
in glasses, and the large average separation 
between Eu 3+ ions, the probability for these 
processes is reduced and thereby the quench¬ 
ing. No concentration quenching of Eu 3+ 
fluorescence in the borates JV^Eu^AlaB^u 
[8] and Gd 1 _ ir Eu a .Al 3 B 4 Oi 2 for 0 < x ^ 1 has 
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*f EuIKy, Cr 


Radiative lifetime 



0 200 4 00 600 


Temperature <°K) 

Fig 4. Temperature dependence of the Eu ,H ( 5 D») fluores¬ 
cence lifetime for an undoped (see text) and three 
chromium doped Eu(PO ;i )i samples. 


quenching in these compounds, which have 
the huntite structure, is probably associated 
with the large distance between neighboring 
rare-earth ions (5-9 A) and the presence of 
intervening BOj groups which reduce pos¬ 
sible exchange coupling. 

4. OPTICAL PROPERTIES OF CHROMIUM 

Spectra 

The absorption spectra of trivalent chrom¬ 
ium impurities in glasses have been studied 
extensively [ 16-18]. Tischer[18], in particular, 
has investigated and analyzed the spectral 
properties of Cr* + in several different phos¬ 
phate glasses. Landry, Fournier and Young 
[171, from optical and spin resonance studies, 
have proposed a model in which Cr* + ions in 
phosphate glass are octahedrally coordinated 
by O 2- ligands in a locally well-defined com¬ 
plex. The spectra, therefore, are attributed to 
ions residing in a crystal potential of pre¬ 
dominantly cubic symmetry. 



Wavelength (nm) 


Fig. 5. Absorption and Cr" emission spectra at 295°K of Eu(PO,)., glass containing 0-3 per cent Cr. 

Sample thickness: 0*22 cm. 
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The absorption spectrum of Eu(P0 3 ) 3 glass 
doped with chromium is shown in Fig. 5. The 
broad Cr 3+ bands are evident from a com¬ 
parison of Figs. 1 and 5, The peaks in the Cr 3 * 
absorption spectrum, following Tischer’s 
assignments[18], are: 2 E( 2 G) - 14450cm -1 , 
2 r,( 2 G) -15020cm^ 1 , 4 T 2 ( 4 F) - 15630cm- 1 . 
2 7 2 ( 2 G) — ** 20600 cm" 1 , 4 T, ( 4 F) - 21800 

cm -1 . Assuming simple octahedral coordina¬ 
tion of the oxygen ligands, the spectrum can 
be interpreted using a crystal-field strength 
Dq = 1560 cm" 1 and a Racah parameter 
B = 620 cm" 1 . These values are in reasonable 
agreement with those found by Tischer for 
other chromium-doped phosphate glasses. 

Fluorescence was observed from chromium- 
doped Eu(P0 3 ) 3 in the form of a broad emis¬ 
sion band centered at approximately 900 nm. 
This fluorescence band is included in Fig. 5. 
The emission was similar to that observed by 
us from Cr 3+ impurities* in an AlMg 2 (PO ;l )3 
glass and attributed to Stokes-shifted 4 T 2 —» 
X A 2 transitions [19]. The origin of the emission 
band can be understood from the schematic 
configuration coordinate diagram for Cr 3 ^ in¬ 
cluded in Fig. 5. Depending upon the relative 
location of the minima of the excited l E and 
A T bands and the distance of the minima from 
the crossing point of the two potential energy 
curves, emission may arise from either 
E 4 A 2 (R ~line fluorescence) or 4 T 2 4 A 2 

transitions. The latter, being spin-allowed, are 
more probable and have been observed from 
several Cr-doped crystals [20] and chromium 
complexes[21] where the A T 2 minima were 
sufficiently low. The minimum of the 4 T 2 band 
of Cr j+ in Eu(P0 3 ) 3 glass appears to be located 
such that 4 T 2 —> 4 A 2 emission predominates 
even at 77°K. 

Fluorescence kinetics 

The decay of the Cr 3 * emission, when ex¬ 
cited at wavelengths greater than 600 nm so 
that only Cr 3 ^ ions are excited, was only 
approximately exponential and fast: ~ 15—25 
Msec at room temperature and 25-50 Msec at 


77°K. To account for this relaxation, we con¬ 
sider the probability for radiative decay. 
Because of the large Stoke shift between the 
4 A 2 ^ 4 T 2 absorption and emission bands, a 
generalized Einstein relationship [22] must 
be used in place of equation (I). This is 
given by 

f l f \ a _ r gegKl T Nc2 

T H J tj v V [g^^J g 7r n(i' u )n(vj i ) 

x v u ft VI <«•■*)!* n . 

Vft Vi<r 8 ,>| 2 

where E eff is the effective field at the emitting 
center, N is the density of the chromium ions, 
and <r y6 ) is the electric-dipole matrix element 
between component states y and 8 of levels / 
and j . For broad bands, the frequencies i/ fj and 
p it are some suitably averaged absorption and 
emission frequencies: here these are taken 
simply to be the band peaks. In applying 
equation (3) to find the radiative lifetime r for 
the 4 T 2 band, it is necessary to subtract from 
the broad absorption bands in the 600-800 
nm region of Fig. 5 contributions arising from 
4 An 2 E and 4 A 2 2 T, transitions. A de¬ 
composition of these bands was attempted in 
Ref. [18] assuming Gaussian-shaped bands; 
the results indicated that about 80-90 per cent 
of the absorption intensity in this spectral 
region originated from 4 A 2 4 T, transitions 

and we shall assume this is also true in the 
present glass. A large uncertainty exists in the 
choice of the electric-dipole matrix elements 
because, depending upon the nature of the 
emitting center, they may differ significantly 
for transitions involving absorption or emis¬ 
sion. Taking the matrix elements to be equal 
and using the integrated absorption coefficient 
at 295°K, we find a r of 26/xsec. This is within 
a factor of two of the measured lifetime. In 
view of the approximations made and the fact 
that the radiative quantum efficiency is not 
known, this result is consistent with the hypo¬ 
thesis that the Cr 3+ emission originates from 
the 4 T 2 state. 
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5. ENERGY TRANSFER 

Energy transfer from excited Eu 3+ ions in 
Eu(P0 3 ) 3 glass to Cr 1+ impurities is energetic¬ 
ally possible. Comparing Figs. 2 and 5, one 
sees that lines in the 5 Z> 0 7 F fluorescence 
spectrum of Eu 3+ occur in the region of the 
*A 2 -* 2 E, 2 T,. *T, absorption bands of Cr' ,+ . 
This spectral overlap is essential for either 
radiative or nonradiative energy transfer. In 
addition, at all temperatures investigated the 
Cr 14 fluorescence lifetime was very much less 
than that of the 5 Z>„ state of Eu 3+ . hence Cr' ,+ 
impurities can serve as fast relaxing energy 
sinks for excited Eu l+ ions. Energy transfer 
from trivalent rare earths to Cr* + has been 
reported previously in other compounds [8, 
23], 

The existence of Eu 34 -* Cr 34 energy trans¬ 
fer was established from the presence of 
Eu 34 lines in the excitation spectrum of the 
Cr' ,+ emission. In Fig. 6 the excitation spectra 
of the Eu ;,+ fluorescence and the Cr 34 fluores¬ 
cence are shown. Comparison of the two 
reveals that both Eu a+ and Cr' + absorption 



Wavelength Inm) 

Fig. 6. Comparison of the excitation spectra of the 
4 T t A A % fluorescence of Cr* + (bottom) and the B Z> 0 -► 7 F 
fluorescence of Eu 3+ (top) for Eu(P0 3 ) 3 :Cr ,f (01 per 
cent) at 77°K. 


bands are present in the latter spectrum. 

The kinetics of the transfer were studied 
using pulsed selective excitation techniques. 
The decay of the broadband Cr 34 emission 
was found to be dependent upon the excitation 
wavelength used. When excited at wave¬ 
lengths greater than 600 nm, corresponding to 
the Cr 34 absorption bands, the decay was fast, 
- 15 fxsec at room temperature. When excited 
via the Eu 34 absorption lines, however, the 
Cr 34 fluorescence exhibited an additional 
longer decay component characteristic of the 
Eu 34 5 D 0 lifetime. This indicates that the Eu 34 
excitation first decays to the S D Q state before 
being transferred to Cr 34 . 

The appearance of Eu 34 lines in the Cr 34 
excitation spectrum and the transient experi¬ 
ments above both demonstrate the existence 
of Eu 34 —» Cr 34 energy transfer via the 5 D 0 
excited state but do not establish whether this 
transfer is radiative or nonradiative. Radiative 
transfer was evident from observed changes in 
the relative intensities of Eu 34 emission lines 
for samples having different chromium doping 
levels. Note that Eu 34 transitions from 5 £> 0 to 
7 F 4 occur at wavelengths near the peak of the 
Cr 34 absorption and thus would be more 
strongly absorbed than, for example, transi¬ 
tions to 7 F 2 or 7 F t . The ratio of the 5 D 0 7 F 2 

to :> D () —► 7 F 4 fluorescence intensities was 
measured and found to increase with increas¬ 
ing Cr 34 content, thereby confirming the 
presence of radiative energy transfer. 

Energy transfer may also occur nonradia- 
tively by direct interaction of an excited Eu 34 
ion with a nearby Cr H ion and/or by energy 
migration through the Eu :i+ system to Cr 34 
quenching centers. The importance of these 
processes is dependent upon the Cr 34 con¬ 
centration and, in contrast to radiative trans¬ 
fer, will be reflected by a change in the Eu 34 
decay time. The decay of the 5 D 0 fluorescence 
of Eu 34 was therefore measured for an un¬ 
doped and three different chromium-doped 
Eu(P0 3 ) 3 samples [24] and for temperature 
ranges from 77 to 650°K. The transient decays 
of the undoped sample were exponential. The 
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initi al portion of the decays of the Cr 3+ -doped 
samples, on the other hand, were nonex¬ 
ponential; the final portion of these decays, 
however, could be fitted by an exponential 
law. The characteristic time for this latter 
decay is plotted in Fig. 4 and is seen to de¬ 
crease with both increasing Cr content and 
temperature. 

The complex decay behavior observed for 
the chromium-doped samples and its depend¬ 
ence on concentration and temperature are 
consistent with a model of diffusion-limited 
relaxation[9]. The relaxation, in such cases, is 
composed of an initial nonexponential portion 
arising from donors which interact directly 
with acceptors via multipolar or exchange 
forces and a final exponential portion arising 
from more distant donors which relax by 
diffusion and by intrinsic processes. As the 
concentration of quenching centers is in¬ 
creased, the average distance the donor ex¬ 
citation must migrate to reach a center is 
reduced. This accounts for the shorter life¬ 
times at higher Cr 3+ concentrations in Fig. 4. 
The temperature dependence of the relaxation 
time can arise from changes in the diffusion 
coefficient or from the increased probability 
of additional relaxation processes. As shown 
elsewhere, the predicted temperature de¬ 
pendence of the diffusion coefficient agrees 
with the observed lifetime behavior[9]. Thus 
the model for the nonradiative Eu 3+ -to-Cr 3+ 
energy transfer in Eu(P0 3 ) 3 : Cr is one involv¬ 
ing a combination of energy migration 
through the Eu 3+ system and transfer to fast- 
relaxing Cr 3+ ions which act as quenching 
centers. 

Further experiments 

Two series of additional measurements 
were made to study the process of energy 
transfer to Cr 3+ impurities. In the first series, 
the room temperature excitation spectrum of 
the Cr 3+ emission was recorded for samples 
containing 0-05, 01, 0-3 per cent Cr. It was 
found that the intensities of the Cr 3+ excita¬ 
tion bands increased relative to those of the 


Eu 3+ excitation bands with increasing Cr 
content. In the second series, the excitation 
spectrum of a 0-1 per cent Cr-doped sample 
was recorded at 77, 295, and 400°K[25], In 
the latter experiment, it was found that the 
Eu s+ band intensities increased relative to the 
Cr 34 bands with increasing temperature. 

The above results, together with the Eu 3+ 
lifetime data in Fig. 4, are consistent with the 
hypothesis that the dominant Eu 3+ relaxation 
in the samples studied occurs via Cr 3+ im¬ 
purities which act as quenching centers. To 
see this, consider a simplified model in which 
excited Eu 3+ ions in the i D 0 state decay at an 
intrinsic rate 1 /t 0 , due to radiative and non¬ 
radiative processes, and at an effective trans¬ 
fer rate l/r r due to energy migration and 
transfer to Cr 3+ impurities. Since both excited 
Eu 3+ ions and excited Cr 3+ ions decay rapidly 
to their metastable 5 D 0 and 4 T 2 levels, we can, 
for the present purposes, treat both ions as 
essentially two-level systems; that is, the 
effective transitions for Eu 3+ are i D 0 r F, 
and for Cr 34 , 4 T 2 ^ 4 A 2 . The rate equations 
for the excited state populations «&. and n|u 
are 

— (~ + F C rj«? r +/ > CrnCr + ~«Eui (4) 

and 

= -(^+^+/ , E u)n E *u + / , E u« Eu , (5) 

where P c , and P Ea are the optical pumping 
rates per ion. The intensity / of the Cr 3+ 
fluorescence is proportional to the excited 
Cr 3+ ion population. In a steady-state experi¬ 
ment, we have, from equations (4) and (5), 

* _ T Cr FCr-Ncr ._ T Cr T Eu P Eu /V Eu _ 

Cr 1 + TcjP Cr T7'( 1 + Tfr/ 5 Cr ) ( 1 + T Fa P Eu ) 

For the usual limit of weak pumping 
(i.e., tP < 1), 

n* r ~ T Cr PCi^CrFT Cr T Eu P Eu N E jT T . (7) 
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Jn equation (7), 1 /r Eu — 1 /t 0 + l/r r and N Vr 
and N Eu are the total numbers of Cr 3+ and 
Eu 34 ions, respectively. 

We now examine two regions of the Cr 3 ^ 
excitation spectrum: one at a frequency v x 
where only Eu :,+ ions are initially excited and 
therefore PvA v i) = 0, and a second at a fre¬ 
quency i> 2 where only Cr 34 ions are excited. 
The ratio of the Cr H fluorescence intensities 
for the two excitation bands is, from equation 
(7), 


/ ( Pi ) _ ) ^Ku ^Ku (g) 

/(P 2 ) PvrM N Vr Tt' 

The appearance of Eu 34 bands in the Cr 3+ 
excitation spectrum requires, as expected, a 
finite transfer time r r . At the other extreme, if 
the Eu :u -+ Cr :H energy transfer is the pre¬ 
dominant cause of Eir H relaxation, r Ku will be 
approximately equal to r T and the relaxation 
times drop out of equation (8). In this case the 
Cr 14 bands should increase relative to the 
Eu 3 ^ bands in proportion to N Cr . which is in 
qualitative agreement with the above observa¬ 
tions. 

The explicit change in the ratio in equation 
(8) with temperature is more difficult to pre¬ 
dict because the P’s and fs may both vary 
with temperature. At high temperatures and 
high Cr concentrations, where r Ku ~ r r , the 
largest change with temperature is probably 
the increase in the total pumping probability 
P Kll as the 7 F , and 7 F-> levels, with their larger 
absorption cross sections, become populated. 
Thus the simple model used here would also 
account qualitatively for the observed varia¬ 
tions in the excitation spectrum with tempera¬ 
ture. 
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Abstract —We report the results of an investigation of the magneto-quanium-electric effect associated 
with the absorption of phonons or photons by charge carriers (electrons ot holes) in solid state plasmas 
in the presence of a static magnetic field H». The effect is based on the lateral displacement (in a 
direction perpendicular to both q and H„) of the centers of the cyclotron orbils of the charge carriers 
upon absorption of quanta with a component of wave vector q in the plane of the real-space orbits. 
Simple theoretical arguments are used to show that: (a) for spherical energy surfaces, this displacement 
occurs for q 1 H (l when quanta arc absorbed in cyclotron ( A/j = ± 1) transitions, and (b) for ellipsoidal 
energy surfaces, the absorption of quanta leads to a displacement which is perpendicular to q and to 
the normal to the plane of the orbit in either cyclotron (Au — ± I) or Landau (A/i — 0) transitions. In 
both cases, the lateral translation due to continuous quanta absorption constitutes a 'd.c/ current. 
This current sets up a surface charge density on the lateral boundaries of the sample, and thus, a d.c, 
electric field appeals across the sample. A comparison is made of the MQF efi’eet with several similar 
and/or related effects I he MQF fields associated with the giant-quantum-absorption of longitudinal 
phonons in bismuth are observed and aic shown to be in excellent agreement with the predictions of 
the theory. 


1. INTRODUCTION 

We have investigated the magneto-quantum- 
electric l MQE) effect[l,2], which is associ¬ 
ated with the absorption of phonons or 
photons by electrons or holes in solid state 
plasmas under the influence of a static mag¬ 
netic field H„. This MQE effect is based on the 
lateral displacement of the centers of the 
cyclotron orbits of charge carriers, in a direc¬ 
tion perpendicular to both q and H 0 , upon 
absorption of quanta with a component of 
wave vector q in the plane of the real-space 
orbits. For spherical energy surfaces, the 
effect occurs in the Voigt configuration 
(q 1 H 0 ) when quanta are absorbed in cyclo¬ 
tron (A/i = ±l) transitions. In the ellipsoidal 
case, the effect occurs for both Voigt and 
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Faraday <q//H„) configurations and the 
absorption of quanta leads to a displacement 
which is perpendicular to q and to the normal 
lo the plane of the orbit in either cyclotron 
(A// = ± I) or Landau (A n = 0) transitions. In 
both cases, the lateral translation due to the 
continuous absorption of quanta constitutes 
a ‘d.c. current'. In a sample of finite size, this 
current sets up a surface cha.ge density 1 on 
the lateral boundaries, and thus a d.c. electric 
field, E' 1Q — 47t^ (hereafter designated as the 
Magneto-Quantum-Elect ric (MQE) field) 
appears across the sample. 

Presented here are the theoretical founda¬ 
tions of the MQE effect, comparisons with 
other similar and/or related effects, and the 
observation of MQE fields associated with 
the A/i = 0 giant-quantum-attenuation (GQA) 
of longitudinal sound waves in bismuth. 
Transverse fields associated with the Hall 
effect of the acousto-electric current accom¬ 
panying lower frequency sound waves in 
bismuth have been observed as a somewhat 
similar configuration by Yamada[3,4]. The 
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differences between this acousto-magneto- 
electric (AME) effect and the MQE effects 
are also discussed. 


2. THEORY 

In solid state plasmas, the interaction of 
electrons and holes with a flux of photons or 
phonons (quanta) takes place via the electric 
field of the photons or, in the case of phonons 
via the electric field associated with induction 
effects (metals and semimetals), deformation 
potentials (semimetals and semiconductors), 
and/or piezoelectric effects (semiconductors). 
When the mean-free-path of the carriers / is 
large such that ql > I, the interaction of the 
carriers with the quanta of frequency a> and 
wave vector q can be viewed in terms of 
elementary processes in which photons and 
phonons are absorbed as quanta with well 
defined energy ha> and momenta hq and the 
carriers are excited from an initial state e„(k) 
to a final state € f r) (k'), with = ha) and 

k' — k = q The interaction of the plasma with 
a flux of quanta is studied either by observing 
the attenuation of the flux or by observing the 
changes in the constants of the motion of the 
system in the presence of the flux. The latter 
corresponds to observable changes in trans¬ 
port phenomena uniquely related to the 
quanta-plasma interactions. 

In the standard semiclassical approach, the 
flux is represented by a vector-potential 
A(o>,q). The associated fields are given by 
E(oj, q) = (ilc)d A(<u,q )ISf and H(a),q) = Vx 
A(co, q). For a plane propagating wave of 
frequency o> and wave vector q. 


where a is the inverse mass tensor in units of 
the free electron mass m 0 . 

Spherical energy surfaces 
In the simple case of spherical energy 
surfaces, the inverse mass tensor is diagonal 
with all non-zero components equal to some 
a 0 . The Hamiltonian and the wavefunctions 
are given by 

(3) 

<h = Fj(r)Uj{r) = exp [i(k • r)] (// r) 

where the effective mass is m* = and 

t//r) is the Bloch function of the Jth energy 
band. F ; (r) = exp [/(k • r)] is the free electron 
wavefunction. The constants of the motion, 
those quantities that commute with the 
Hamiltonian, are itself, and the ‘momen¬ 
tum' components k r , k u and k z . I n the presence 
of flux of quanta, the Hamiltonian takes the 
form 


«sr = 


i 

2m* 


hk H— A 

’ hk-b-X 

c 

c 


(4) 


for a carrier charge — e. With propagation in 
the j-direction (q//z), and to terms of first 
order in A, the Hamiltonian can be expressed 
in the form <T = + JT where 


3F' = rfT, exp [i(qz— tuf)] and 


.r, = 


eh 

m*c 


A k. 


(5) 


A(w,k) = Aexp[/(q • r-wf)J, (1) 

where A represents the magnitude and 
polarization direction of the wave. The 
Hamiltonian for the single-particle energy 
states of the plasma is written as 

h 2 

SF 0 = o— k • a • k 

2m a 


In the presence of the flux, and the com¬ 
ponents of k are no longer constants of the 
motion. The time rates of change of these 
quantities are obtained from the commutator 
with the Hamiltonian 

= ihk = hqtff'lm* and 


(2) 


k = (0,0,ihq%”). 


(6) 
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The expectation value of the operator is 
the quantity dc/dt and is given by 

W = h> • Ac, (7) 

where w is the rate at which quanta are ab¬ 
sorbed and Ae = «'„(k') — e„(k) = hcu = hqkjm* 
is the energy change of the electron upon 
absorption of a quantum of frequency a> wave 
vector q. The expectation value of the 
momentum is similarly given by 

{ic s ) = dkjdt = M' • q. (8) 

The rate of quanta absorption, w, is given by 
the ‘golden rule’, 

m ’ = t 2 \<"\^\n')\ 2 {J{€ n )-AO} 

tin' 

X8(e„-e„-M (9) 

where /(€„) and are the Fermi functions 
for the initial and final states of the electrons. 
This energy transfer corresponds to an acous¬ 
toelectric effect[5,6] in the case of a phonon 
flux, and a radiation pressure effect in the case 
of photons. 

When a static magnetic field, H 0 , is applied 
to the system, the situation is slightly different. 
The conduction electron energy states are 
quantized into Landau sub-bands labeled by 
the quantum number n . Upon the absorption 
of a quantum of energy fuo and momentum 
^q, an electron makes a transition from an 
energy state e„(k) to state e„4k') and ex¬ 
periences a change in momentum Ak = k' — 
k = q. The Hamiltonian, in the presence of 
the magnetic field, becomes 

Stn — 2m* 71 71 (10) 

where tt — ftk + (e/c)Ao is the kinetic momen¬ 
tum [7] for a carrier of negative charge and 
Ao is defined by H> = V x Ao. The com¬ 
ponents of it obey the commutation rule 


(tt X tt) £ = -(iehHjc) £ ( 11 ) 

where £ is any scalar function. 

With Ho//y, i.e., the Voigt configuration, 
fro 1 q, constants of the motion are the 
Hamiltonian itself and the quantities 

X 0 = x + 7T z lm*<o c 

Z 0 = z — 7r T lm*(o c and (12) 

TT y file y 

where a> c = eHj{m*c) is the cyclotron fre¬ 
quency. The (A'o, Z 0 ) are the coordinates of 
the center of the cyclotron orbit of the 
electron. In the presence of a flux of quanta, 
the time rate of change of Z 0 and k v 

is given by 

X 0 = icq2TI{eH 0 ) = (i^lh)bX 0 
Z„ = 0 (l3) 

*!, = <? 

where 6X () — hqcl(eH Q ) is the change in the 
x-coordinate of the center of the cyclotron 
orbit of the carrier. This displacement is 
proportional to the quantum of momentum 
Ak = q absorbed by the electron. 

The equations (12) and (13) are gauge 
independent. Dropping the band index j 
from equation (3), the wave functions have 
the general form 

Wr) = F„(r)(/ tt (r), (14) 

where the index n now labels the Landau 
sub-bands of the band j. In the Landau as- 
symmetric gauge. A„ = (0, 0, — H 0 x ), the 
electron wave functions, F„(r), are product 
wavefunctions of plane waves of y- and z- 
arguments, and a one dimensional simple- 
harmonic-oscillator wavefunction, H n , of 
argument jt — X 0 . The wavefunctions are 
given by 

F„(r) = exp [ i(k v y 4- k z z - o>0] H n (x -X 0 ) (15) 
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Thus, the X i} appears explicitly in F*(r), and 
is given by X {) — chkJ(eHu). It is then obvious 
that the carrier absorbs momentum in the z- 
direction of an amount Ak z = q , the orbit 
shift is dX 0 = chqlieHo). In the other assy- 
metric gauge, Ao = 0, 0), the Z 0 = - 

chkJ(eH 0 ) appears explicitly in H v ( r). In this 
latter case, it can be seen explicitly how a 
change of momentum in the x-direction by an 
amount A k x ~ q results in an orbit shift in the 
z-direction by an amount SZ (i = chqHeH (i ). 
The 8X tt and SZ 0 can be computed, however, 
for any arbitrary gauge as illustrated in the 
preceeding paragraphs. 

If a dipole moment operator is defined by 
/i = <t 0 , where r 0 is the position vector of 
the center of the cyclotron orbit, then the 
components of the time derivative of ft corre¬ 
spond to a ‘polarization current’ J {, = Nfx 
where N is the density of carriers. From equa¬ 
tion (13) 


ORBIT SHIFT 

SPHERICAL FERMI SURFACE 



7/ = N {(i z ) = 0, and 

J/ ~ N (Ax) = Ne <«*«> - NewSXfr 


Fig, 1 Orbit shift for spherical energy surfaces. The 
(16) direction of the magnetic field is into the paper and 
8X 0 is perpendicular to both q and H<,. 


Thus in the Voigt (q 1 H„) configuration, 
when quanta are absorbed continuously in 
An = ± I (cyclotron) transitions[8], such (hat 
energy and momentum are conserved, the 
lateral displacement of the center of the orbit 
constitutes a current which flows in a direc¬ 
tion mutually perpendicular to q and H n as 
illustrated in Fig. 1. In the Faraday configura¬ 
tion (q//H 0 //y), on the other hand, neither 
An = 0 transitions (which can be induced by 
longitudinal phonons) nor An=±I transi¬ 
tion (which can be induced by photons or 
transverse phonons) leads to an orbit shift 
when the energy surface is spherical, i.e., 
X 0 (and Z„) are independent of the change in 
the component of the momentum of the elec¬ 
tron. Such transitions do, however, lead to 
orbit shifts in the Faraday configuration 
when the energy lands are ellipsoidal. 

For a plasma of N electrons/cm a and a 
quanta flux of 0cm~ 2 sec'\ the attenuation 


constant is given by and the 

MQE polarization current density corre¬ 
sponding to equations (16) is 

.// = N ( fij. ) = F (f)chqlH { >. (17) 

It is conceptually important at this point to 
notice some of the singularities of the MQE 
effect with the photoemission of electrons 
from a solid (photoelectric, PE, effect). When 
an electron in a solid absorbs a photon of 
energy fwj such that ti<o > O, where d> is 
the work function of the material, the electron 
can be ‘photo-emitted’ from the solid. Because 
of the quantum properties of the incident 
radiation, the following four characteristics 
of the emission are observed: (1) the photo¬ 
electric current, is proportional to the 
intensity of the radiation (number of photons/ 
sec), (2) photoemission occurs even for very 
low photon intensity, so long as the photon 
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energy is larger than the work function 
(ha) > <£) (3) the maximum energy of the 
emitted electrons is independent of the 
intensity and (4) the maximum energy after 
emission is proportional to the energy of the 
photon, ho). 

The MQE polarization current, J^, has four 
analogous characteristics because of the 
quantum properties of the wave vector q 
associated with a normal vibrational mode of 
the crystal lattice: (1) The MQE current, 
J'\ is proportional to the phonon flux (the 
number of phonons per cm 2 per sec), (2) the 
orbit translation occurs even for low acoustic 
intensity, (3) the magnitude of SA'o is inde¬ 
pendent of the acoustic intensity, and (4) the 
magnitude of is proportional to the wave 
vector q associated with the phonon. The 
MQE effect depends upon the discrete amount 
of momentum, ftq, carried by the acoustic 
wave just as the PE effect depends upon 
discrete amount of energy, fiw, of the electro¬ 
magnetic wave. Also, as implied above, there 
exists an energy threshold for the PE effect 
but not for the MQE effect. However, an 
observational threshold for the MQE effect 
is that ql > 1. Although individual photons 
(or rather photo-excited electrons) can be 
detected in the PE effect, individual phonons 
in the MQE effect cannot. In principle, 
individual orbit shifts occur, but only the d.c. 
fields associated with continuous phonon 
absorption are detected. 

Ellipsoidal energy surfaces 

When ellipsoidal energy surfaces are in¬ 
volved, the situation is slightly more complex. 
These effects are illustrated by considering 
an energy ellipsoid with only one principle 
axis coincident with the jc, y, z coordinate 
system. With the ^-direction coincident with 
one principle axis of the ellipsoid and the other 
two principle axes rotated by an angle d in 
the y~z plane, the off diagonal components 
of the inverse mass tensor reduce to a xu = 
“zx = (*xz — a ux — 0 and a,,* = a zu ¥= 0. Equa¬ 
tion (2) becomes 


= h 2 (a xx k x 2 + a uu k u 2 + ot c Jc 2 

+ 2a ut k v k t )K2m 0 ). (18) 

' With a magnetic field in the ^-direction 
(H 0 //y), the constants of the motion are 
and 

X„ = x + TTj(m?o) c ), 

Z 0 = z~TT x l(m*w c ), and (19) 

71 y — fxliy 

where the effective cyclotron mass is m* = 
(h 2 l27r)dajd€ and a x is the ellipsoid cross- 
sectional area perpendicular to the magnetic 
field. Using the assy metric gauge Ao = (0, 0, 
— H u x) for simplicity, the first of equations 
(19) becomes 

X„ = (k 2 + k„a u Ja zl .)hcl(eH u ). (20) 

The wavefunctions in the presence of H 0 are 
again given by 

<|/„(r) - exp [i(k u y + £*z)] H„(x-X u )U„(r). 

( 21 ) 

As in the spherical case, absorption of quanta 
of wave vector q//z (Voigt configuration) 
leads to a change in the ^-coordinate of the 
center of the cyclotron orbit by an amount 
8^0 = chql{eH 0 ). However, in this ellipsoidal 
case, absorption of quanta with q//Ho//y 
also results in an orbit displacement as 
illustrated in Fig. 2. The magnitude of the 
displacement is 

SA',, = chqa y J(a zl eH 0 ) (22) 

and is proportional to the off-diagonal terms 
of the inverse tensor. This result indicates 
that the magnitude of SAo depends upon the 
‘tilt’ of the principle axis with respect to the 
magnetic field. As in the spherical case, the 
corresponding polarization current density is 
given by J/ = eV<{>8X„. 
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Fig. 2. Orbit shift for ellipsoidal energy surfaces. The 
shift is always in a direction perpendicular to both the 
magnetic field direction and the quantum propagation 
direction. When H„//q. the magnitude of the orbit shift 
depends upon the angle between H<, and the principle axes 
of the ellipsoid. 

Selection rules 

The selection rules governing the nature of 
the transitions for each configuration can be 
determined by considering the initial state 
wavefunctions |«) = </>„(r) and the final state 
wavefunctions 

<// n (r + 5r 0 ) = i/i w (r) + 2flA5Mv-,(r), (23) 

where A = (m*a> r /ft) 1/2 and H n {x) is the nth 
Hermite polynomial of argument Ajc. The 
gauge A 0 = (0, 0, — H {) x) is used. From ordin¬ 
ary time-dependent perturbation theory f9J 

/) = a(r)t/r„(r) -F £ /w(0 

X exp (- (&wf)<Mr+6r„) (24) 

where o>„„> = —e„). Under the condition 

ai r T > 1, where r -1 is an effective collision 
frequency of the carriers, transitions occur 
only for w ~ and the 'polarization 

current’ corresponds to 




+ (n\2f'(t)\n') exp<-/, u> nn ,t) (25) 


+ (n'\%”(t)\n) b* n .(t )exp (i(o nn ,t) + • • •}. 


The first term on the right in equation (25) 
corresponds to Landau (An = 0) transitions 
and is nonzero in the Faraday (q / / H 0 ) 
configuration only for quanta with longi¬ 
tudinal field as in Longitudinal acoustic 
phonons. The second and third terms corre¬ 
spond to cyclotron (An = ± 1) transitions 
which occur for transverse polarization for 
photons and transverse polarized phonons in 
both the Faraday and Voigt configurations. 
The interaction Hamiltonian %”(t) yields 
nonzero matrix elements connecting the states 
n and n' only for particular relationships 
among the phonon (or photon) polarization, 
Fermi surface geometry and direction of the 
applied magnetic field as discussed above[10]. 

In order that the energy associated with 
the quanta flux be absorbed as an elementary 
excitation, the Landau sub-band separation 
must be large compared with the collision 
broadening of the levels. This condition can 
be written as w r r > 1. It is also necessary that 
the magnitude of the displacement SA’o be 
larger than the uncertainty in the position of 
the orbit. This restriction leads to the condi¬ 
tion ql > 1, where / is the mean-free-path of 
the electron. This is just the condition that 
the electron feel several oscillations of the 
wave before being scattered. 

The magneto-quantum-electric field 

In the presence of a flux of quanta, <f>, 
(cm~ 2 sec -1 ), the lateral displacements 8AV of 
the center of the cyclotron orbits of the 
carriers, which results from the continuous 
absorption of quanta, leads to a polarization 
current density, 

J } ‘ = Nwe bX a = T<t>chq/H () , (26) 

where I (cm -1 ) is the attenuation constant. 
When the flux fills the volume of the sample, 
in the form of a parallelopiped, the lateral 
displacements of the carriers sets up a polar¬ 
ization surface charge density, X, on the 
surfaces whose normals have a component 
parallel to 8X tt . The corresponding electric 
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field which appears across the sample 
between these surfaces, E = 4ttS, is the 
magneto-quantum-electric (. MQE) field, 
E Ma . The free carriers not participating in 
the quanta absorption are also subject to the 
influence of E M °, setting up a ‘screening’ 
current of opposite sign to that of the orbital 
displacement ‘polarization’ current, J'\ This 
screening current, J 4 , leads to a decrease in 
the net surface charge density. 3 s is itself 
acted on by the external static magnetic field, 
H 0 , in such a way as to set up a Hall current in 
a direction perpendicular to both 8X 0 and H 0 . 
In an open circuit condition, no net flow 
occurs into or out of the crystal. Accordingly 
J'' + J 4 = 0. 

Consider the simple case of spherical energy 
surfaces with H 0 in the y-direction and the 
flux of quanta propagating in the ^-direction. 
Under these conditions, the displacement of 
the cyclotron orbits are along x and J r p = 
—J, s , while J/ = Jj‘ = J„ s — 0. The electric 
fields which are set up by these displacements 
are given by 

E s Ptj-J s ' PxxJ x 

E „= 0 (27) 

E z Pz.fJ T PzfJ X 


where p xx = p m = and p„ = p„ are the 
nonzero components of the magnetic field 
dependent resistivity tensor. The E x is the 
MQE field, E m . The E t is the Hall field, 
E m '\ which is set up by the action of H 0 on 
the screening current, 3 s . Using the expres¬ 
sion for J x ‘‘ from equation (17) and setting 
S = frcv<t>, the energy flux of the quanta, the 
fields, in the case of an electron plasma, are 
given by 


E x = E M ® = p xx 


cqTS 

H u cd 


£ = FMQ.H — D C< ?— 
* n pzi 


(28) 


field to the MQ,H (Hall) field is given by 
E MQ lE mJI = Pxxlptx- The magnitude of p xjr 
(and therefore E MQ ) will depend upon whether 
the plasma is compensated or uncompensated. 
The magnitude of p tx (and therefore E MQM ), 
however, will not depend upon whether or 
not the plasma is compensated. Under quanta 
absorption conditions, E mM is proportional 
to (o r T for both compensated and uncom¬ 
pensated plasmas. tu c = eHJm* is the 
cyclotron frequency and r _1 is some effective 
scattering frequency of carriers at the Fermi 
energy. In the case of an uncompensated 
plasma, p IT (and E m ) will be proportional 
to (w c r) 2 . Thus E MQ will be larger than E Ma H 
by a factor of <o r T. Accordingly, in solids with 
uncompensated plasmas, it will be advan¬ 
tageous to measure E MQM , and in solids with 
compensated plasmas, it will be more ad¬ 
vantageous to measure E m . The w c r depen¬ 
dence of the various p,j are discussed in more 
detail in Section 3. 

In the case of ellipsoidal energy bands, the 
absorption of quanta in the Voigt configura¬ 
tion (q / / z and H 0 / / y) leads to an ‘orbit 
displacement’ polarization current similar to 
that for spherical energy surfaces. The 
expressions for E MQ and E mM given in equa¬ 
tion (28) is therefore also applicable in the 
Voigt configuration. 

The absorption of quanta in the Faraday 
configuration (H„//q//y), when the prin¬ 
ciple axes of the ellipsoidal energy surface 
are tilted with respect to the magnetic field 
direction, also leads to an ‘orbit displacement’ 
polarization current. For the case when the 
principle axes are tilted in the y-z plane 
about the x-axis, the cyclotron orbits are 
displaced along x. The orbit displacement 
polarization current, the MQE field, and the 
MQH field are given by 

jS-nw 6 *„_£ s ! 2 ( 2 »),,„ 


The ratio of the magnitudes of the MQE 
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The ratio of E m to E mM is again equal to 
PislPif 

3. COMPARISON WITH OTHER EFFECTS 
Acoustoelectric and optoelectric effects 
Acoustic ( A ) waves and electromagnetic 
waves (photons) also produce other effects 
in solid state plasmas. The propagation of A 
waves sets up a longitudinal acousto-electric 
(AE) current[5.6] and the corresponding 
propagation of electromagnetic waves sets 
up a longitudinal radiation pressure or 
optoelectric ( OE ) current. Under ‘open 
circuit conditions’, these currents lead to the 
accumulation of surface charges at the front 
and back faces of the sample and thereby 
lead to longitudinal electric fields. In addi¬ 
tion, in the presence of a transverse magnetic 
field (Ho 1 q), the longitudinal AE and OE 
currents lead to Hall fields in a direction 
transverse to both that of the wave and the 
magnetic field. The Hall field of the AE 
current is known as the Acousto-Magneto- 
Electric (AME) effect. Yamada has ob- 
served[3J ‘oscillations’ in the AME fields in 
bismuth. These oscillations were not observed 
under quanta absorption conditions and were 
caused by magnetic field dependent oscilla¬ 
tions in the collision frequency, r, of carriers 
at the Fermi surface as discussed in Section 4. 
In the specific case of ellipsoidal energy 
bands where principle axes are tilted relative 
to q, the AE and OE currents can also 
exhibit a Planar Hall Effect [ 11], 

Under the conditions q / 1 and H () = 0, 
AE and OE effects can only be observed in 
materials with uncompensated plasmas. 
Under the above conditions, the electrons and 
holes are moved in the same direction and 
their effects cancel in compensated materials. 
In the presence of a transverse magnetic 
field, however, both compensated and un¬ 
compensated plasmas will exhibit AE and 
OE fields. 


When ql > 1 and Ho # 0, the situation is 
different. Under these conditions, the energy 
and momentum conservation relations for the 
absorption of quanta by the carriers are only 
satisfied for certain discrete values of the 
magnetic field strength. Since, in general, 
there is a different discrete set of values for 
electrons and for holes, the longitudinal AE 
and OE effects can also occur in materials 
with compensated plasmas. 

As shown by Weinreich[6], the longi¬ 
tudinal AE field, E AE , set up by a flux of 
phonons propagating in the z-direction is 
given by 


e ae = r 

Ne 


(30) 


A similar expression holds for the OE field. 
From equations (28) and (30) it is evident 
that the ratio of the MQE field and the AE 
field is 


E m !E AE = Necp rx IH n . (31) 

In the case of uncompensated plasmas, 
Nec/H n = I lp xz , and therefore the ratio of the 
fields is approximately equal to p sx lp X z- 

For the ellipsoidal energy surface with the 
principle axes tilted in the v-c plane, and under 
the conditions q//H () //y and ql > 1, the 
fields are given in general, by 

Er = P,.rJs m + Pr U Jy lE + Px J z . 

Ey = PuT J x m + PuyJ u AE +Put J z and (32) 
E z = p zl J/' u + Pzu J u AE + p zz J z . 

The currents are given by J z = 0, J u = J AE 
and J x = — Jf = J S . The components of the 
magnetic field dependent resistivity tensor 
refer to the entire compensated plasma and 
can be written as 

Pj j- ~ P.rs + Pj-Uw/t 2 ) (33a) 

Pj-y = PsAu c t) (33b) 
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Pvu = Puu^Pyu^c 2 ^) 

(33c) 

PzU Pzv ”1” Pzw(^f 2 'r 2 ) 

(33d) 

Pzx — pzxi^c 7 ) 

(33e) 


where again co f = eHjm* is the cyclotron 
frequency and r _1 is some effective scattering 
frequency of carriers at the Fermi energy. 
Component (33b) corresponds to the Hall 
field of the AE current when H 0 has a nonzero 
component in the ^-direction. Component 
(33d) is due to crystal anisotropy, and 
component (33e) corresponds to the Hall 
field of the screening current J x s . For spher¬ 
ical energy surfaces in the Faraday configura¬ 
tion (q//H 0 //y) these equations reduce to 
J u — J AR and p uy = p. rv = p, w = 0. There is 
no MQE effect. For the Voigt configuration 
(q II y.H 0 II z), however, J SIQ = J X ¥^ 0 and 
J AE = J u ^ 0. The only nonzero off-diagonal 
components of the resistivity tensor and 
Pju Pujt and 


field dependent attenuation constant can be 
derived [13] by incorporating the appropriate 
field dependent wave functions into equation 
(9). 

]'(£) = !'«)) {!-£/£*} (35) 

where the critical field is E r = o)HJ(qc). For 
E > E c the drift applied to the electrons 
shifts the population in momentum space such 
that phonon emission is more probable than 
phonon absorption [14], Thus, the influence 
of the MQE field on the attenuation constant 
must be considered in the derivation of 
equation (28). Equation (35) must be solved 
simultaneously with equation (28) for the 
MQE field. 

E™ = p SI \\E m )jj^. (36) 

The self consistant field and attenuation 
constant are then given by 


Ey = P»,J,* Q + p i n,J Ah (34) 

E z = 0. 


£ \1Q ~ _/I 


d+P) 


E c and 


V(E MQ ) = 


(1 + fi ) 


F(0) 


(37) 


The Hall effect of the AE current competes 
with the MQE current in the jc-direction and 
the Hall effect of the screening current of 
J SiQ competes with the AE field in the quanta 
propagation direction, v. 

Phonon generation and amplification 
The flux of phonons as a function of dis¬ 
tance travelled in the material is related to the 
attenuation constant, J\ such that <j>(x) = 
0(0) exp (— lx). Thus far this attenuation 
constant has been assumed to be electric 
field independent. Acoustic flux amplifica¬ 
tion can, however, take place in crossed 
electric and magnetic fields [12]. This ampli¬ 
fication corresponds to an electric field 
dependent f(£). When L(£) < 0. the flux 
density grows with increasing x. The electric 


where /3 = 5lXO) {cqlH i) w)i 1 pj.j r is a nonlinear 
(in H „) parameter. For > 1, the MQE field 
is on the order of the critical field, but can 
never be larger than E ( . In this case the 
attenuation constant is small compared to 
its zero-field value, r(£) = (3~'V(0). For 
1, however, the MQE field is small 
compared to the critical field, but the attenua¬ 
tion constant assumes its zero-field value. 

It should be noted here that the MQE effect 
has a counter part in what is sometimes called 
the Esaki ‘kink’ effect) 15]. Whereas in the 
MQE effect, the quanta-absorption-induced 
displacement of the centers of the cyclotron 
orbits of charge carriers results in an electric 
field appearing across a sample of finite size, 
the Esaki ‘kink’ effect corresponds to induced 
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phonon emission such that energy and 
momentum are conserved when the transla¬ 
tion of the centers of the cyclotron orbits 
of charge carriers is caused by the applica¬ 
tion of an external d.c. electric field. With an 
external magnetic field H 0 in the y-direction, 
an applied electric field in the x-direction, 
E t:x < will add an electrostatic energy term. 
exE BX * to the Hamiltonian equation (10). 
Then the energy absorbed by an electron in 
going from at state e„(k) to 6„(k') is Ae = 
€„(k) - £„(k') and is given by 

Ae = h(o~eE EX 8X () (38) 

where SA'o is again equal to chql(eH {) ). Setting 
Ae = 0 defines the critical external electric 
field, £' = v„HJc . for negative energy 
transfer, where v„ = wlq is the sound velocity 
in the ^-direction of the crystal. This critical 
field is the same as that for sound wave ampli¬ 
fication that appears in equation (35). The 
condition Ae < 0 corresponds to energy 
transfer from the electron plasma to the 
phonon population. Experimentally, it is 
found that for H () 1 E A;v , the current J is 
small until E hX = E l \ after which the current 
increases dramatically. The E c thus deter¬ 
mined is linear in the magnitude of H„ and 
corresponds to the velocity of sound in the 
direction mutually perpendicular to both 
E KX and H 0 . 

4. EXPERIMENT 
GQA in bismuth 

It is convenient to observe the MQE fields 
directly in a compensated crystal such as 
bismuth. The results of the study of GQA f 16J 
of sound waves in bismuth for several 
different experimental configurations can 
be found in the literature [17-19]. The elec¬ 
tron Fermi surface for bismuth can be 
represented by three ellipsoids as shown in 
Fig. 3. It is also convenient that during the 
giant-quantum-attenuation (GQA) of longi¬ 
tudinally polarized phonons propagating in 
the bisectrix, or y-direction, of bismuth [18]. 


z 



Fig 3 A representation of the electron Fermi surface 
of bismuth. The solid arrows indicate the direction of the 
orbit shift associated with each ellipsoid when q//H„//y. 
See for example, ABELES B. and MFJBOOM S.. 

Phys. Rev. 101 , 544 ( 1956 ). 

the sound wave couples only to the ellipsoid 
labeled I in Fig. 3.Thusforq//y,the relevant 
portion of the Fermi surface consists of one 
ellipsoid whose major axes are tilted with 
respect to the propagation direction. The 
equation of the surface in the A>space is 
given by [20] 

€/<( 1 ~F £/’ (O'j’.r^.r "F QLuyky 

+ otxA* + 2a yg kJc»WI2m Q ) (39) 

which corresponds to equation (18) and the 
tilted ellipsoid configuration discussed in 
Sections 2 and 3. The magnitudes of the com¬ 
ponents of the inverse mass tensor for this 
ellipsoid given by [18, 20] a,, = 187, a uu = 
1*64, a** = 81*1, and a yz = 9*41. Thus, the 
ellipsoid is tilted by — 6° about the A^-axis 
and the long axis lies in the k v -k z plane. In 
addition, in our bismuth crystals having a 
resistance ratio of /?(300°K)/fl(4°K) ^ 400, 
the condition ql > 1 and oyr > 1 is satisfied at 
T = 4*2°K and F/ 0 — 10 3 Oe for phonon 
frequencies greater than about 100 MHz. The 
An = 0 giant-quantum-attenuation (GQA) of 
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longitudinal phonons with (q//y) by the 
electrons of this ellipsoid results in a charac¬ 
teristic magnetic field dependence of the 
attenuation of the flux. Thus characteristic 
magnetic field dependence will be observed 
in the corresponding MQE fields. Such 
that the essential conceptual connection 
between the MQE and GQA effects can be 
made, a brief discussion of the An = 0 GQA 
associated with this ellipsoid follows. 

In the presence of an externally applied 
magnetic field H 0 , the energy levels of the 
electrons consist of Landau sub-bands of 
spacing hoj c and are labeled by the index n. 
With H oily and using the Landau assy- 
metrical gauge A 0 = (0, 0, — // (I jc), the energy 
levels and wave functions of the electrons 
(neglecting spin) are given by 

€«(*«) = (n + t)h<i) e 

4- {otttu+ a V f/a w )ft s A v 2 /(2m 0 ) (40) 

<Mr) - exp liikyy + kgz)] H n (x-X {) )U n (r) 

where n = 0, 1,2_with o) c = eH 0 (a xx a yu ) m 

Krn {) c) and t/„(r) is the Bloch function. The 
H n (x — Xq) is the nth Hermite polynomial of 
argument U J Hjch) ll2 (x — X 0 ) and Xn = — eh 
{k y + k z 0L y JcL 2Z )KcH 0 ). The An = 0 GQA corre¬ 
sponds to a Landau excitation, that is, an 
electron makes an ‘intra-sub-band’ transition 
from an initial state e„(k) to a final state €„(k') 
absorbing a quantum (phonon) of energy 
ha) and momentum hq. The changes in energy 
and momentum of the electron are given by 

Ac = («„„+ a y Ja zs )fi-(ky* — £„ 2 )/(2m 0 ) = ha) 

and (41) 

AAj, — k’ u — k y = q. 

The relevant parameters must satisfy the 
condition [16] ql(ha) c le h y 12 > 1, where / is 
the mean-free path of the electrons at the 
Fermi energy e F . 

Upon defining k 0 as the average of k f and k y , 


that is k Q = i(k v + k^), the condition for a An = 
0 GQA transition is that mlq = hk Q {a yu + a v J 
a M )/m 0 , i.e. the ‘phase’ velocity of the elec¬ 
tron on a given Landau sub-band, hko(ct yv + 
<*!/*/««)/is equal to the velocity of the 
phonon as shown in Fig. 4. Transitions will 
only occur within a given sub-band when the 
corresponding k 0 is ‘at’ the Fermi level, 
allowing electrons to go from an initially 
occupied state below the Fermi energy to an 
initially unoccupied state above the Fermi 
energy. As a function of the magnitude of 
H 0 , the phonon attenuation will exhibit a 
series of peaks whose period is reciprocal in 
the magnitude of H 0 . The Fermi ‘group’ 
velocity for a given sub-band is given by 

v F (n)= 2 (<*„„+ ot uz l&zz)i w* 0 )(€f- — nh(o c ) (42) 



Fig. 4. A representation of giant-quantum-attenuation 
for longitudinal sound waves. q//y. The solid arrows 
indicate the energy and momentum conserving transition 
for each Landau level. Each transition occurs only when 
the arrow is at the Fermi level such that the electron 
can go from an occupied to an unoccupied state. The 
spacing between Landau levels is proportional to the 
magnitude of the magnetic held. 
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from which one obtains the GQA period 


* / 1 \ 2 ehlm*c 

\Hj (v F *-v*) 


(43) 


where v g = o)lq is the sound velocity and m * 
mJ(ot xx ^aJa Z9 ). In case where v K < 
equation (43) reduces to the period of de- 
Haas-van Alphen effect in the magnetic 
susceptibility. For arbitrary direction of 
H, and v M < Vf ., equation (43) becomes 


A (—-) ~ 2irefica 1 (44) 

where a ± is the cross-sectional area of the 
ellipsoid whose normal is parallel to H 0 . As 
H 0 is rotated away from the y-direction but 
within the x-y plane, the magnitude of the 
component of q along H 0 decreases as the 
cosine of the angle between q and H () . and the 
perpendicular cross-sectional area a j. 
increases. Thus the amplitude and the A( 1 /// 0 ) 
period of the attenuation peaks decreases as 
the configuration goes from H ( ,//y to H 0 //x. 
The MQE fields should have the same 
dependence upon H 0 . Note however the GQA 
is independent the sign of H 0 , but the MQE 
fields change sign upon field reversal. 

Experimental techniques 
Conventional acoustic pulse echo tech¬ 
niques at frequencies of in the range 220 to 
330 MHz were employed. The voltage detec¬ 
tion scheme was designed to simulate con¬ 
tinuous wave (CW) conditions. Number 40 
enamelcoated, copper wires were spot 
welded to the binary (x) and trigonal (z) 
faces of bismuth single crystal cubes approxi¬ 
mately 5mm on a side. A 20 MHz fundamental 
x-cut quartz transducer was bonded to one 
bisectrix (y) face, and driven at its 11th 
harmonic or higher. The geometry is illus¬ 
trated in Fig. 5. The sample was immersed 
in liquid He at 4-2°K. As the phonon pulse 
was passing the voltage detection point, the 
difference voltages across the binary faces 



Fig. 5 Sample electrode configuration. The circle re- 
presents the transducer. 


AF,. and across the trigonal faces AK, were 
detected via a differential amplifier whose 
output was fed to a gated integrator. The 
phonon pulses were — 1/x-sec long, but the 
gate was open only 0- 1/x-sec during the 
time the pulse was passing the pickup points. 
All data was independent of gate position as 
long as the gate was open during some part 
of the time the phonon pulse was passing. At 
a repetition rate of ~ 300 Hz, the integrated 
A Vj. and AK* were recorded as a function of 
the magnitude of H„ for various angles 0 . 
where 6 is the angle between q and H„ in 
the jr-y plane. 

Analysis of MQE data 

The A n — 0 giant-quantum-attenuation of 
longitudinal sound waves in bismuth has 
been carried out at liquid helium tempera¬ 
tures and is discussed in Ref. [18], and at 
different frequencies in Refs. [17] and [19]. 
The attenuation data associated with ellipsoid 
1 is shown in Fig. 6. For H 0 //q//y and at 
292 MHz. Only one period of oscillations 
reciprocal in H () is observed. Spin splitting 
of the peaks, which has not been discussed 
here, is observable on the last attenuation 
peak[18,20J. The last peak corresponds to 
the so called quantum limit attenuation 
the so called quantum limit, where the n — 0 
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Fig. 6. GQA data for longitudinal phonons propagating in 
the y-direction (bisectrix) in bismuth when Ho//y. 
SAWADA Y., BURSTEIN E. and TESTARDI L., J. 
phys. Soc. Japan 21. (Suppl.), 760 (1966). 


Landau sub-band is passing through the 
Fermi level (ihoj c ~ e h ). 

The entire discussion, in Sections 2 and 3, 
concerning a tilted ellipsoidal energy surface 
for electrons in a compensated material, 
applies to bismuth when q //y. The voltages 
corresponding to the transverse electric fields 
associated with these GQA oscillations are 
shown in Figs. 7 and 8. In Fig. 7, the voltage 
appearing across the x-faces of the sample, 
AF r . is shown for q// y and various magnetic 
held directions, where 0 is the angle between 
q and H 0 . in the x-y plane. The AV r exhibits 
the same A(1 ///„) periods as the GQA data 
for each value of 6. The experimentally 
determined zero-field attenuation at 220 MHz 
is about 20 db/cm corresponding to T(0) ~ 
10 2 cm -1 for q//y at T = 4-2°K. With an 
acoustical energy flux of S = 1 Watt/cm", the 
nonlinear coupling parameter of equation 
137) is small compared to unity. (3 ^ 10“ 3 . 
Therefore, the MQE field is not large enough 
to alter the zero-field attenuation constant, 
1(E), and equation (29) for the MQE field 
holds. The calculated value of E v/ ^ at a 
magnetic field strength corresponding to 

1*5 x I0 4 G is approximately 3 x 10" 3 
V/cm. From Fig. 7. the magnitude of AF X 
associated with the last GQA peak, which 
occurs at- l*5x 10 4 G for 0 = 0°, is - 10~ 3 V. 



Fig. 7. The voltage across the x-faces of the sample 
corresponds to the MQE effect for longitudinal phonon 
propagation in the y-direction. GQA data for 8 = 0 is 
also shown. 8 is the angle between the y-direction and 
H 0 with H„ in the x-y plane. 
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Fig. 8. The vollage across the jc-faces (trigonal direction) 
corresponds to the Hall effect of the screening current 
associated with MQE field in the ^-direction. Longi¬ 
tudinal phonon propagation is in the y-direction. 0 is 
the angle between the ^-direction and H<i with H„ in the 
x-y plane. 

This corresponds to a field (MQE) of 2 x 10 3 
V/cm. Also, reversing the direction of H fl for 
any given 8 was found to change the sign 
(±) of the voltage, AV X , consistant with 
equation (29). In addition, the MQE voltage 
depends linearly upon the thickness of the 
sample in the ^-direction. These values are 
summarized in Table 1. 

The voltage appearing across the z-faces 
of the samples, AT*, was also observed for 
the same values of 6. As illustrated in Fig. 8, 
the AV Z has a different ‘oscillatory’ depen¬ 
dence upon the magnitude of Ho- The magni¬ 
tude of these ‘oscillations’ in AV Z are roughly 
on the order of one tenth of AV X . Referring 
to equation (29), the ratio of E MQJi to E MQ 
should be on the order of p x Jp xx . Using the 
values of the components of the resistivity 
tensor in bismuth at — 10* G, taken from the 


Table 1. 


Parameter 

Value® 

Source 

r<0) 

10~ 2 cm' 1 

b 


- 3 x 10- 3 V/cm 

b 

£MG.H 

- 2 x I0-" V/cm 

b 

P 

« io - 3 

h 

Pxx 

3 x l0 _2 fl-cm 

c 

Pxz 

2 x 10" 3 fi-cm 

c 


a: at a field of - 1*5 x 10 4 G. 
b: experimental. 

c: MASES., el u/., Phys. Rev. 127, 1030(1962). 


literature [21] p xx ~ 3 x 10~ 2 fl-cm and p xz 
2x 10“ 3 O-cm, and p xz !pxx ~ 0*07, in reason¬ 
able agreement with the observations. For H 0 
not along symmetry directions, generally 
three sets of oscillations periodic in 1 ///„ 
could be found in AV Z . But AV Z is the voltage 
associated with several effects: the Hall 
effect of the screening current flowing in 
response to the MQE current in the x-direc- 
tion, a field due to crystal anisotropy {p zy ), 
and the Hall effect of the acoustic-electric 
current flowing parallel to the phonon 
propagation direction (when q 1 H 0 ). The off- 
diagonal terms of the magnetic field dependent 
resistivity tensor can be used to calculate 
these contributions to AV Z , The resistivity 
tensor components, however, are affected 
by the presence of all three electron ellip¬ 
soids. If a r is defined such that r~ l is some 
effective scattering frequency for all carriers 
at the Fermi energy, for all sections of the 
Fermi surface [22], r will in general exhibit 
three sets of ‘oscillations’, each periodic 
in l/f/ 0 . The number of carriers at the 
Fermi surface of each ellipsoid is increased 
when a given Landau sub-band passes through 
the Fermi surface. This increase in carrier 
density results in an increase in the scattering 
frequency. The discrete set of values of the 
magnitude of Ho for which these carrier 
density maximuma occur, are generally 
different for each ellipsoid (for arbitrary 
direction of Ho). Because each p u is some 
function of a> f r, these ‘Shubnikov-de Haas’ 
oscillations[22] are observed in AV Z . These 
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considerations were discussed above in 
connection with equations (32) and (33). 

In connection with considerations of the 
variations in <d c t producing Oscillatory’ 
effects in the various p fJ , an experiment was 
performed where the phonon flux was re¬ 
placed by a d.c. current, J Dr . The d.c. current 
would effectively take the place of the 
acoustoelectric current produced by the flux 
in the y-direction. With a current of 10 to 
100 mamp flowing in the y-direction of a bis¬ 
muth crystal, the difference voltages 
and AV Z were again recorded as a function of 
magnetic field for variousSlirections of H 0 in 
the j t-y plane. Oscillations, periodic in I/// 0 , 
are evident in both AK r and AF* for all 
directions of H 0 . It is found that the oscilla¬ 
tory behavior of AF 2 is essentially the same 
for the d.c. current as for the phonon flux 
(q / / y) f° r directions of H 0 . Except for 
symmetry directions, three sets of 'oscilla¬ 
tions’ periodic in 1 /H 0 were observed. The 
angular dependence of the magnetic field 
strength at which a given peak appears in 
AF. for the acoustic case is shown in Fig. 9. 
The AF, data for the d.c. current case are 
quite similar to AF 2 in the phonon experiment. 

The voltage across the r-faces of the sample 
in the d.c. current case (J n< II y) is quite 
different, however, from the A V x with the 
acoustic flux. Except for symmetry directions, 
three sets of ‘oscillations’ periodic in 1 /H {) 
were observed in AF^ in the d.c. current case, 
whereas only one set was observed when the 
phonon flux was used. Thus, referring to 
equations (32), the dominate term in the 
equation for E T is p xx J x MQ * and the planar 
Hall term, p xv J y AK is small. Careful examina¬ 
tion of the data revealed an apparent 10 per 
cent modulation of the AF X , in the acoustic 
case, by another oscillatory function. The 
ratio of the calculated p xu J u AE to p xx J x MQ 
is in agreement with this observation. In 
addition, reversing the direction of the 
magnetic field when the d.c. current was 
flowing left the AF* curves unaltered, i.e. 
peaks remained peaks, and minima remained 


AV Z “PEAKS** vs e 
- theoretic al AN0U.A* ocfcnocncc 



30* 60* 90* 

- 1 - 1 - 1 - 

0-ANGLE BTW <|I1Y AND R* IN THE X'Y PLANE 

Fig. 9. The peaks in the trigonal voltage correspond to 
variations in electron density at the Fermi surface as a 
function of magnetic field. The density variations are 
periodic in !///„ and correspond to the cross-sectional 
area perpendicular to the direction of Hy of the particular 
electron ellipsoid. The solid lines are based upon cal¬ 
culated cross-sectional areas of ellipsoids I. II, and III. 

The magnetic field scale is arbitrary. 

minima as a function of the magnitude of H<>. 
In the acoustic case, however, the MQE 
fields reversed sign upon field reversal 
(Ho “■* H 0 ). 

5. SUMMARY 

Quanta-absorption-induced lateral displace¬ 
ments of the centers of cyclotron orbits of 
charge carriers in solid state plasmas in a 
magnetic field are shown to produce trans¬ 
verse electric fields. The conditions for the 
observation of the MQE fields are <o c t > 1 
and ql> 1, the same as for the observation 
of well defined GQA oscillations. In addition, 
the observation of GQA requires ql(hu> c l 
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€ F ) i!2 > I. The MQE fields are found to be 
too small to influence the rate of quanta 
absorption, at least in the case of acoustical 
phonon absorption. In materials with spherical 
Fermi surfaces, the MQE fields appear for 
q 1 H 0 in a direction mutually perpendicular 
to both q and Ho. This is essentially the Hall 
effect configuration and care must be taken 
in separating the Hall field (AME) and the 
MQE field. In materials with ellipsoidal 
energy surfaces, however, the MQE fields 
can appear transverse to q and H 0 for q / / Ho, 
when q is not parallel to any of the principle 
axes of the ellipsoid. The magnitude and 
magnetic field dependence of the MQE fields 
are indicative of the shape of the Fermi 
surface, energy band structure, and the 
electron-phonon (or photon) coupling in the 
plasma. A consideration of the effect has 
shown that the MQE effect can be observed 
in both compensated and uncompensated 
materials. In uncompensated materials, 
however, it may be advantageous to measure 
the Hall effect of the screening current of 
the MQE current, rather than the MQE 
fields themselves. Data on the observa¬ 
tion of the MQE fields and other transverse 
electric fields associated with the An = 0 
giant-quantum-attenuation of longitudinally 
polarized acoustic waves in bismuth are 
presented. All aspects of the data are in ex¬ 
cellent agreement with the theory. 
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EFFECT OF PRESSURE ON THE MELTING OF 
CESIUM CHLORIDE* 

S. N. VAIDYA and G. C. KENNEDY 
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{Received 19 January 1971) 

Abstract— Melting curve of cesium chloride has been determined to 50 kbar in a single-stage piston- 
cylinder apparatus. Our results agree with Clark’s experimental data which extend up to 15 kbar. We 
have also found that the melting temperature of cesium chloride changes linearly with its specific 
volume up to 45 kbar in contrast to the behavior of other recently studied ionic compounds. 


1, INTRODUCTION 

The effect of pressure on the melting of 
ionic compounds has recently been discussed 
by Kennedy and Vaidyafl]. They note that 
when melting temperatures are plotted against 
the isothermal compression of Van der Waals 
solids, melting curves concave to the tempera¬ 
ture axis results. They also note that when 
melting curves are plotted for metals, melting 
temperatures are linear with the volume of the 
melting solid and that when melting curves are 
plotted for ionic compounds, resulting curves 
appear to be concave toward the volume axis 
of the plot. This relationship has been ex¬ 
plored to compressions of as much as 30 per 
cent in the case of the Van der Waals solids, 
helium and methane, and to compressions of 
as much as 40 per cent in the case of the 
metals, rubidium and potassium. Unfortun¬ 
ately, no highly compressible ionic compound 
has been examined. A casual search of the 
literature suggested that cesium chloride was 
one of the most compressible of ionic com¬ 
pounds and that its fusion curve had a very 
steep initial slope. Thus, we elected to 
examine the melting of cesium chloride to the 
highest pressures and temperatures readily 
attainable with precision. 

The melting curves and phase diagrams of 
sodium, potassium, rubidium, silver, cuprous 

* Publication #889 Institute of Geophysics and Planet¬ 
ary Physics, University of California, Los Angeles, 
Calif. 90024, U.S.A. 


and thallous halides have recently been 
determined, by methods of differential 
thermal analysis, to pressures of circa 50 
kbar [2-10]. Melting curves of the lithium 
and cesium halides have not been examined 
over this pressure range. 

Cesium chloride, CsCI, undergoes a phase 
change to a new polymorph with NaCl struc¬ 
ture at about 469°C[11] at 1 atmosphere. Its 
melting point at atmospheric pressure is 
approximately 645°C. The melting of CsCI, to 
pressures of approximately 15 kbar, has been 
investigated by Clark [2]. He finds a triple 
point between two polymorphs and liquid at 
approximately 1 kbar and 665°C. The initial 
slope of the melting curve of CsCI above the 
triple point is 42°C/kbar. This is the steepest 
melting curve of any substance which has 
come to our attention. Further, the cesium 
halides are the most compressible of the 
metal halides. Recent data on a density as a 
function of pressure are available [12]. 

2. EXPERIMENTAL METHOD 

Cesium chloride of 99*5 per cent stated 
purity was supplied by Research Organic and 
Inorganic Chemical Co. This is the same stock 
we recently used in compressibility measure¬ 
ments [12]. The powdered material was dried 
for 48 hr at 200°C and then tightly packed in a 
niobium metal capsule with a reentrant thermo¬ 
couple well. A boron nitride sleeve insulated 
the niobium capsule from the graphite fur- 
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nace tube. Molten pyrex glass served as the 
pressure transmitting medium. Further experi¬ 
mental details are given by Akellaef ai[ 4] and 
by Williams and Kennedy[13]. 

CsCI melts at temperatures in excess of 
1800°C at 50 kbar. Consequently thermo¬ 
couples stable to very high temperatures are 
required We have found that Pt/Pt-lORh 
thermocouples deteriorate rapidly at tempera¬ 
tures much above 1500°C and the W-3Re/W- 
25Re thermocouples are stable to at least 
2000°C. The behavior of Englehart premium 
grade W-3Re/W-25Re thermocouple in high 
pressure differential thermal analysis assem¬ 
blies has been extensively studied by Williams 
and Kennedy [13]. Because of the mechanical 
and chemical stability of these thermocouples, 
they were selected for use in this study. 

Determinations of the melting temperature 
were made by differential thermal analysis on 
both compression and decompression cycles. 
Jn a particularexperiment, lasting nearly 10 hr, 
a large number of DTA points could be deter¬ 
mined over a 20-25 kbar range. Most of the 
experiments were terminated owing to capsule 
failure and consequent loss of sample. Cap¬ 
sules of tantalum and molybdenum were tried, 
but niobium capsules seemed to serve best 
at the highest temperatures and pressures, 

3. RESULTS 

Our measurements of the melting tempera¬ 
ture of CsCI along with Clark's results [2] are 
shown in Fig. 1. A smooth curve through the 
1 16 data points was drawn by use of a poly¬ 
nomial regression fit 

7\„ = TJ + bf + btP*. 

Davis and England [14] and Williams and 
Kennedy [13] have intercompared W-3Re/ 
W'*25 Re and Pij Pt-lORh thermocouples at 
high temperatures and pressures. Differences 
in the apparent temperatures indicated by 
these thermocouple pairs at high tempera¬ 
tures and high pressures is attributed to the 
difference in the effect of pressure on the ther- 
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Fig. I, CsCI melting data. Curve from least squares fit. 



P(kbar) 

Fig. 2. CsCI melting curves. 
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Fig, 3. Melting temperature of CsCl vs. volume compressions of the 
solid at ambient temperature. 


mal emf of the two sets of material. Inter¬ 
comparison experiments can only be made 
through the useful range of the Pt/Pt-lORh 
thermocouples. Further, Getting and 
Kennedy's experiments [15] on the effect of 
pressure on Pt/Pt-lORh wires extend only to 
35 kbar and I000°C. Thus large extrapolations 
are necessary in order to estimate the correc¬ 
tion for the effect of pressure on W-3Re/W- 
25Re wires at the highest pressures and 
temperatures of the present experiment. The 
accuracy of our measurements is thus sub¬ 
stantially less than the precision of the 
measurements, owing to uncertainties in 
extrapolation of the corrections and also 
owing to uncertainties involved in the calibra¬ 
tion of individual pairs of wires[16]. The 
precision of our measurements at the highest 
temperatures and pressures is approximately 
±5°C; however, the accuracy is certainly no 
better than ±10°C. Figure 2 shows the curve 
through the raw data points and the curve 
after applying extrapolated corrections for the 
effect of pressure on thermo-e.m.f. We also 


show the results from Clark’s studies to 
15 kbar. At 50 kbar the corrections to our 
raw data amounts to approximately 34°C. The 
results are also tabulated at regular pressure 
intervals. (Table 1). 

Figure 3 is a plot of the temperature of 
melting vs. the room temperature compres¬ 
sion of the solid. In this plot the recent com¬ 
pressibility data on the simple cubic phase 
above 1 kbar[12] is used. To our surprise the 
plot is exactly linear to within the precision 
of the measurements. In this respect CsCl 
behaves like a metal and does not show the 
slight curvature toward the volume axis as 
is shown by other studied ionic compounds[l]. 
Vaidya and Gopal[17] have suggested that 
substances melt in accordance with an equa¬ 
tion 

r V'-vn 

T m = T *\l + 2(y-i). |J 

where T £ and V r 0 are the melting temperatures 
and specific volumes at the reference pressure. 
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Table 1. Melting data for Cesium Chloride. Melting 
temperatures, T m , computed from the relation T m = 
642*55 + 42436T — 0-53741/? 2 + 0*0034JP 3 , where P is 
pressure in kbar. Standard deviation . 5°C 


p 

(kbar) 

Clark [1] 
r m , °C 

Corrected for the 
effect of pressure 
on Pt/Pt-lORh 
thermocouples 

This Work 

7 °C 

Uncorrected for 
the effect of 
pressure on 
thermocouples 

T m .°C 

Corrected for the 
effect of pressure 
on W-3Re/W-25Re 
thermocouples 

0 

645 



5 

841 

842 

843 

10 

1015 

1017 

1018 

15 

1160 

1170 

1173 

20 


1304 

1308 

25 


1421 

1428 

30 


1524 

1535 

35 


1616 

1631 

40 


1698 

1719 

45 


1774 

1802 

50 


1847 

1881 


The Gruneisen parameter, y , estimated from 
the slope of the line in Fig. 3 is 4-29. The y 
thus obtained is much too great. Vaidya and 
Gopal[17J have suggested these large values 
of y result because the melting temperature is 
plotted against the room temperature specific 
volume of the solid and not against the specific 
volume of the solid along the melting curve. If 
corrections of the kind outlined by Vaidya 
and Gopal are madef4, 6, 17], y reduces to 
2 78. This is in fair agreement with the 
thermal value of y for CsCI which is 2*02. 
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Abstract —The binary systems formed by sixth group elements with transition elements show large 
homogeneity ranges in the vicinity of stoichiometric compositions. In order to interpret physical 
measurements, it is necessary to study the type of ordering of the vacancies, which may vary with 
the system considered. In this work, a Mossbauer study has been made on some Co-Te composition 
ranges with the NiAs structure. Mossbauer absorption spectra on 57 Co diffused into the samples are 
examined. The results are' (a) over the entire y-phase range there are but two types of Co with differ¬ 
ent electronic configuration corresponding to two different crystallographic sites (£)j and {?„). (b) For 
the composition Co n ^ 7 Te, the absorption values are quite different from those for other compositions: 
the intensity of the two peaks in the Mossbauer absorption spectra and the quadrupole splitting of 
Qi are much larger than for the other y-phase compositions, (c) We can confirm that the stoichiometric 
composition CoTe does not exist 


1. INTRODUCTION 

The Co-Te system has been subject to deep 
study[1-6]. Nevertheless some basic ques¬ 
tions about the system with NiAs and related 
structures are unresolved. It is not clear, for 
instance, whether the y-phase, which, by 
subtraction of Co atoms from the (0,0, 1/2) 
planes, passes from the NiAs to the Cd(OH) 2 
structure with compositions ranging from 
CoTej >2 to CoTe, <8 at 600°C, includes particular 
compounds with ordered defects. The mag¬ 
netic, X-ray and density measurements, are 
contradictory [8,9]. The existence of variously 
ionized Co atoms has not yet been experi¬ 
mentally verified. Some authors have con¬ 
cluded that the y-phase range does not 
include the stoichiometric composition CoTe 
and that this compound does not exist, but 
this conclusion is not universally accepted 
110 , 11 ]. 

With Mossbauer spectroscopy we attempt 
to clarify the previously mentioned doubts. 
We have obtained spectra of Coi-jTe of 


fixed composition doped with 57 Co. 57 Co 
introduced into a Co,_j.Te host in micro¬ 
quantity is chemically indistinct from the 
other Co that constitutes the host, provided 
there is complete homogeneity. Its distribu¬ 
tion among the crystallographic sites, reveal- 
able by Mossbauer spectroscopy, gives unique 
information about the crystallographic sites 
that are filled (or emptied) at a given com¬ 
position. 57 Fe, produced by electron-capture 
decay of 57 Co diffused into the sample, re¬ 
mains at the same sites as the 57 Co because 


the recoil energy is too small to displace it. 
The eventual various bond situations that 
57 Co may have are ‘felt’ by the 57 Fe. In fact, 
iron and cobalt can crystallize together with 


tellurium in both the NiAs and 
Cd(OH) 2 structure. 


it* <te|ived 


2. EXPERIMENTAL PROCEDURE 
The examined undoped samples were 
single crystals spontaneously grown in the 
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melt They were synthetized by direct com¬ 
bination of Co and Te at 99,999 per cent and 
further purified with oxygen in the desired 
stoichiometric ratios (12): Co,. l5 Te, Co,ooTe, 
CoowsTe, Co«.7sTe, Coo^Te, Coo-.^Te. 
57 CoCI 2 in hydrochloric acid solution was 
deposited directly on a face of our samples 
(0*3 mm thickness), and then dried. The di¬ 
valent 57 Co was reduced to elementary 57 Co 
by an atmosphere of U 2 in a quartz tube that 
had been previously washed with HF and 
outgassed. In this way the presence of 
various valence states of 57 Co cannot be 
ascribed to partial oxidation of the diffused 
Co. The reduction and subsequent diffusion 
of 57 Co was at 500°C. At this temperature, 
stoichiometric variations caused by Te 
evaporation were negligible at normal pres¬ 
sure. The samples were kept at 500°C until 
the * 7 Co was distributed throughout the whole 
volume (5? 3 hr). This was tested by the 
spectrum intensity of the sample side on 
which was deposed the 57 CoCl 2 with the 
spectrum intensity of the opposite side. r,7 Co 
was considered distributed throughout the 
whole sample when the two intensities were 
equal. The sample with composition Co () . r> . 4 Te 


has the same structure as the y-phase after a 
thermal treatment of only a few hours at 
500°C; partial transformation from the y-phase 
to the marcasite structure is detectable for 
much longer annealing times at 500°C. After 
thermal treatment, the samples were quenched 
in H 2 0 and were thinned by lapping off 0*05 
mm of thickness from the surface where there 
was the r ‘ 7 CoCl 2 deposit in order to remove the 
sporious products of the reaction. 

The Mossbauer apparatus used was of 
electromagnetic type working at constant 
acceleration. Na 4 Fe(CN) H 10 H 2 O (010 mg 
s7 Fe/cm 2 ) was used as absorber: this material 
displays a single absorption line, whose 
FWHM is 0*27 mm/s, with a 57 Co-in-Pd 
source. A proportional counter was used as 
detector. 

3. RESULTS AND DISCUSSION 

The results of the Mossbauer measurements 
are summarized in Tables 1 and 2 and are 
shown in Figs. 1-3. The positions and widths 
of the peaks were determined in the usual way 
that is, by fitting the experimental data with 
Lorentzian shape curves. 


Table 1. Mossbauer isomer shifts (l.S.) and quadrupole splittings 
(Q.S.) in mm/s at room temperature . The shifts are relative to 
Na 4 Fe(CN) fi - 10H 2 O absorber 




Q, 


Magnetic splitting 




l s. 

Q.S 

IS. 

CM. 

H(KCj) 

Co, 

i& I c 

- (0-68-to- 10 ) 

0-34 + 0*10 

— (0-06 ±0-04) 

017*006 

326 ±6 

Co, 

«oT e 

- (0-65 ± 0 04) 

0-35 ±0-04 

(0-00±0-10) 

0-16 ±006 

332 ±5 


Table 2. 


C?. Qu 

Q.S . IS. Q.S. 


CcWTe - (0-61 ±0*03) 0-38+0-04 -(0-70±0-03) 013±0 04 

Co„. 7 ,Ie -(0-59 + 0-04) 0*37±0-06 -(0-68±(M)4) 0-11 ±0-06 

CtVflrTe -(0-60 + 0 04 ) 0-74 + 0-06 ~ (0-71 ±0-04) 0 09±0-06 

Coo^Te - (0-60±0-03) 0*43±0*04 -(0-70 + 0 03) 0 11 ±0 03 



Absorption, 
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Fig. Absorption Mossbauer experimental spectrum of 57 Co 
diffused in Co, ls Te at room temperature. In the square appear the 
central peak with a double resolution. 



fig. 2. Absorption Mossbauer experimental spectra of 
>7 Co diffused in (a) Co 0 . 85 Te, (b) Co, )87 Te and (c) Co 0 54 Te 
at room temperature. 

A qualitative interpretation of the bonding 
situation in the Co-Te system is made in a 
reflected way from the 57 Fe. By Mossbauer 


spectroscopy, we may detect a large variety 
of iron valence states113]. For compositions 
more rich in Co than Co 0Kfi Te, the absorption 
spectra reveal the presence of a single quad- 
rupole coupling caused by substitutional 
57 Fe that is, in a crystalline environment of 
the NiAs type (Fig. 1). for these compositions 
we also note a magnetic hyperfine structure 
corresponding to 57 Fe in a metallic cobalt 
host [14] (the value of the induction at the 
iron nuclei is typically 330 KG) (Table 1). 
The presence of these Co precipitates for the 
stoichiometric composition CoTe and for the 
next nearest composition confirm that the 
compound CoTe does not exist and does not 
belong to the y-phase. 

At the composition CooasTe, the presence 
of metallic Co is not yet detectable; we note 
however, another quadrupole coupling 
(Qn). The absorption spectrum obtained at 
this composition may be considered as com¬ 
posed of two parts; (?,, having the same 
characteristics, as the quadrupole coupling 
found at compositions more rich in Co, and 
Q n . Whenever, there are three or more peaks 
ascribed to iron valence states, doubt arises 
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Fig 3. Absorption Mossbauer theoretical spectrum of 57 Co 
diffused in Co„ H5 Te: (a) room temperature, (b) liquid nitro¬ 
gen temperature. The solid line indicates the fit by a sum of 
four Lorentzian curves. 


as to whether the multiply ionized atoms are 
caused by an Auger effect [15, 16]. Ip fact, the 
y-phase of the Co-Te system is a medium of 
the same nature as are compositions more 
rich in cobalt, where one notes only an electric 
field gradient as a consequence of symmetry 
far from octahedral. The isomer shifts of the 


two iron types (8j = — 0-6 mm/s, S 2 = —0-7 
mm/s) fall in a region not distinct in valence 
type. The value of the shifts is in agreement 
with formation of hybrid orbitals d 2 sp 3 . All 
through the y-phase range we note always 
only these two Fe types. However, the second 
Fe type may be considered an ion in a crystal- 
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line environment of the Cd(OH) 2 type, which 
differs from the other in that the two transition 
element atoms immediately above and below 
are lacking. 

The fact that the second Fe (82 = — 0*7 
mm/s) belongs to a different crystallographic 
site is confirmed by the increase of the central 
doublet intensity at liquid nitrogen temperature 
(Fig. 3), where the solid line indicate the fit 
by a sum of four Lorentzian-like functions 
resolved in two quadrupole doublets. We 
deduce that the two Fe ions have a different 
ionization degree by studying the quadrupole 
moments Q x and Q n as a function of tempera¬ 
ture. For the composition Co Q S5 Tc at liquid 
nitrogen temperature, Q u does not vary; the 
small Qu value and its behaviour as a function 
of temperature are characteristic of Fe 3+ 
(3</ 5 ). On the other hand the quadrupole 
coupling Qi , which is larger than the preceding 
one, becomes double (from 0-4 mm/s to 0*7 
mm/s). This is in agreement with the 3 d 
population variation as a function of tempera¬ 
ture, a variation noticed in Fe L>+ (3 d ti ) com¬ 
pounds. The possibility that the Qi increase 
at liquid nitrogen temperature may be caused 
by structural variation must be excluded. 
In fact, the structure changes should affect 
the Mossbauer parameters of the other iron 
type. 

The intensity of the two absorption peaks 
for Co 2 Te ; j(Coo. 67 Te) is greater than for the 
other compositions examined (Fig. 2). This 
can be understood if we suppose the existence 
of a superstructure. Such a hypothesis is 
confirmed by the fact that at room tempera¬ 
ture only at this composition does the external 
quadrupole coupling (g r ) increase from =* 0-4 
to 0-74, corresponding to a highly determined 
divalent state. Usually, [17, 18J in going from 
NiAs to Cd(OH ) 2 structure, we expect to 
find ordered structures. In fact the composi¬ 
tion Co 2 Te 3 differs from the others in other 
properties: its susceptibility varies with 
temperature in different ways depending on 
composition [4]. The Curie-Weiss law is 
completely satisfied only for the stoichiometric 


composition Co 2 Te 3 . Moreover, Co 2 Tea 
single crystals, which show a resistivity one 
third lower perpendicular to the c-axis, than 
parallel to it, are grown by vapour phase 
transport under different growing conditions 
[19]. All through the y-phase range, increasing 
the tellurium concentration increases the 
central peak intensity, than is, the number 
of neighboring sites of the Cd(OH ) 2 type 
increases. 

In a preceding work [ 1 2] Mossbauer absorp¬ 
tion spectra were observed on some y-phase 
compositions (relative to a 125 Te source). That 
case is easier: we see only a quadrupole 
coupling (relative to Te) whose quadrupole 
splitting decreases when the Te content 
increases. The presence of a single quadru- 
pole coupling is a consequence of the un- 
directional character of the tellurium bond. 

The small decrease of the quadrupole 
splitting as the Co-atom vacancies in the 
( 0 , 0 , 1 / 2 ) planes increase may be caused by a 
variation in the polarization state of the 
tellurium. 
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SHOCK-WAVE COMPRESSION OF SAPPHIRE FROM 15 TO 
420 KBAR.THE EFFECTS OF LARGE ANISOTROPIC 

COMPRESSIONS* 
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Abstract—Under shock compression, sapphire (crystalline A1 2 0 3 ) exhibits Hugoniot elastic limit, 
HEL, values of from !20-210kbar; the largest values observed for any solid. Because of the large 
HEL, the stress configuration of the shock-loaded sample is highly anisotropic. A critical examination 
of the effects of large anisotropic stresses on the compression of solids is accomplished with shock 
experiments on sapphire in three crystallographic directions at stress values within the elastic range to 
stress values up to twice the HEL. The maximum shear strengths observed range from 4-9 to 5*6 per 
cent of the shear modulus. When stresses in excess of the HEL are achieved, sapphire is observed to 
undergo a catastropic loss of shear strength: in contrast to the yield behavior observed for metals. The 
results arc compared to observations on high density polycrystalline Al 2 0 3 and other solids with large 
H EL values. The behavior of sapphire is found to be analogous to that previously observed for crystal¬ 
line Si0 2 . Data in the elastic range show a third order elastic constant C n , C m = — (3-6±(L4) X HP 
dyne/cm 2 . Analytical methods are developed to determine the shear stress offset independent of the 
hydrostatic data. 


1. INTRODUCTION 

Compression measurements for hydrostatic 
pressures greater than a few tens of kbars are 
difficult to accomplish and limited in accuracy 
(11. Ultrasonic measurements of compres¬ 
sibility and its pressure derivative can be 
precisely determined but are limited to modest 
pressures [2]. Consequently, shock-wave 
compression measurements, which may be 
accomplished at very high pressures, are fre¬ 
quently employed to provide data which may 
be used to calculate high pressure isothermal 
compression curves [3] or to test extrapolation 
of ultrasonic data to very high pressure [2]. 
Unfortunately, data from shock compression 
experiments are not directly comparable to 
either ultrasonic data or static high pressure 
isothermal data. The experimental conditions 
°f the shock experiment not only include 
heating due to the rapid coditpression but also 
include a potentially large shear stress com- 


*Work supported by the U.S. Atomic Energy Com- 
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ponent which is an inherent property depend¬ 
ing upon the shear strength of the solid. Early 
shock compression workers usually assumed 
that the shear strength of solids was negligible 
so that the shock compression was isotropic 
and the calculation of an isothermal compres¬ 
sion curve from the shock data was concerned 
only with thermodynamics of the shock heat¬ 
ing and the equation-of-state of the solid [4]. 
It is now widely recognized that the effect of 
shear strength of the solid must be evaluated 
before hydrostatic and shock compression 
data can be directly compared. Unfortunately, 
the shear strengths of solids under shock-wave 
compression have not received as much study 
as thermodynamic effects and are not well 
enough understood to evaluate their effects 
unequivocally. 

The object of the present paper is to evaluate 
shear strength effects in solids which exhibit 
unusually large shear strengths with cor¬ 
respondingly large anisotropic compressions. 
After introducing basic concepts of the stress 
configurations imposed by shock-loading and 
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the shear strength, the existing models for the 
effects of shear strength of solids on the com¬ 
pressions experienced in a shock compression 
experiment will be reviewed. Following this, 
an experimental study of the shock compres¬ 
sion of sapphire (single crystal A1 2 0 3 ) will be 
described and the results will be presented and 
examined for shear strength effects. A deter¬ 
mination of several higher-order elastic con¬ 
stants will also be presented. The results of 
the present investigation will then be used 
along with the other data in the literature to 
assess the present understanding of shear 
strength effects in solids under shock com¬ 
pression. 

2. BACKGROUND 
(a) Shear strength of solids 
Shock loading a sample with the detonation 
of a high explosive(5], the impact of a pro¬ 
jectile [6, 7], or the rapid deposition of radiant 
energy[8] produces an inertial response with 
pressures and pressure-time histories which 
depend upon the compressional properties of 
the sample. When the sample is loaded over a 
large planar area the compression is uniaxial, 
i.e., a state of uniaxial strain is achieved for 
times less than that required for unloading 
pulses to arrive in the test area. If the sample 
has a finite, i.e., non-zero, shear strength, the 
stress configuration is not isotropic since the 
resulting inertial stress components normal to 
the shock compression direction are less than 
the stress component in the shock propaga¬ 
tion, or axial, direction. The shock experi¬ 
ment measures only the stress component in 
the axial direction while the lateral stress com¬ 
ponents can only be inferred by indirect 
means. Moreover, the axial component of 
str'’ s will be larger than the isotropic pressure 
at the same compression to an extent depend¬ 
ing upon the magnitude of the shear com¬ 
ponent of stress. The relation between the 
isotropic and anisotropic compressions must 
be known before the shock data can be con¬ 
verted to equivalent isotropic compression 
conditions. 


The magnitude of the shear may be ex¬ 
pressed in terms of the stress component, cr^, 
measured in the shock experiment and a mean 
pressure value by considering an anisotropic 
stress configuration and defining a mean 
pressure, P, as 

P s Hcrr + CTy + O-J. (1) 

If a solid is laterally isotropic the lateral stress 
components are equal, i.e., (j y = cr*. Equation 
(1) may then be rearranged such that 

P = or,——<r 2 ). (2) 

The maximum value of the shear stress,r max , 


IS 




^"max 

(3) 

thus. 




P ( ^ x 4^max' 

(4) 


It will be convenient in what follows to 
refer to the difference between o x and P as the 
shear stress offset defined as 

or T s <r T — P. (5) 

The determination of differences between 
longitudinal shock compression stresses, a>, 
and hydrostatic pressures, P, at the same 
volume could provide an experimental mea¬ 
sure of the shear stress offset. However, as 
previously indicated, measurements of both 
cr x and P are normally not available in the 
same high pressure range and it is desirable to 
evaluate <r T independently so that measure¬ 
ments of <r, may be used to compute P. 

Since the strain configuration is known to be 
uniaxial and since solids are frequently 
observed to behave elastically up to a yield 
stress value in shock compression called the 
Hugoniot elastic limit, HEL, the shear stress 
value at the HEL can be computed assuming 
that Hooke’s law is valid. In this case 

r * = i[(l — 2^)/(1 —v)]<r M (6) 
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where r* is the limiting shear imposed by the 
shear strength of the solid as computed from 
the measured HEL, <x w , and v is Poisson’s 
ratio for the solid. It is convenient to define a 
shear strength offset 

cr* - ir* (7) 

in a like manner to the shear stress offset ov 

In this paper the high pressure region above 
the HEL will be examined to determine the 
magnitude of the shear stress offset , o>, and 
its relation to the shear strength offset , a-*. 
Previous theoretical and experimental studies 
have indicated the basis for two radically 
different relations between cr T and <x*. These 
relations are developed for elastic-plastic 
solids and what will be called elastic-isotropic 
solids. 

(b) The elastic-plastic solid 

The theory of plasticity has been adapted to 
the uniaxial strain configuration in studies by 
Wood[9] and Fowles[10]. One result which 
may be extracted from this work is that under 
ideally plastic deformation 

o- T =cr*, o> > a u \ (8) 

that is, the shear stress offset is independent 
of pressure and equals the shear strength 
offset which is a fixed property of the solid. 
For the elastic-plastic solid the magnitude of 
the shear stress has no inherent effect on the 
properties of the solid and the solid can be 
characterized as having a constant shear 
strength. 

The elastic-plastic solid has very attractive 
features since it is particularly simple in con¬ 
cept both theoretically and phenomenologic¬ 
ally and the numerous static studies of plastic 
flow and deformation can be used as a guide 
for the shock deformation. Furthermore, the 
microscopic theories of dislocation motion in 
solids have been successful in explaining 
many aspects of plastic flow under static con¬ 
ditions and similar dislocation theories have 


been successfully pursued under shock load¬ 
ing. This provides a fundamental basis for 
understanding the response of solids to large 
anisotropic compressions and second-order 
effects involving small changes in a T . In 
addition, rate effects observed in shock ex¬ 
periments may be described in terms of the 
dislocation theory. 

Since the initial experimental confirmation 
of elastic-plastic response of aluminum by 
Fowles[10] in 1961, several experimental 
investigations have demonstrated that a num¬ 
ber of metals respond to shock loading as 
elastic-plastic solids[11 — 18]. In addition a 
recent examination of the fixed point phase 
transition pressures measured under hydro¬ 
static and shock conditions indicated that the 
elastic-plastic model correctly correlated the 
shock and static results for a number of metals 
[19]. Although numerous deviations to the 
elastic-plastic response of metals have been 
noted, such as different HEL values than 
predicted from static measurements [20, 21] 
and unloading paths [22] not predicted by 
elastic plastic response, it appears likely that 
they can be explained in terms of modifica¬ 
tions to the basic theory. 

Confirmation of the elastic plastic model is 
particularly gratifying since HEL values can 
be routinely measured experimentally and the 
HEL value can be used to calculate o> if 
elastic-plastic response correctly describes 
the solid. Furthermore a recent survey of 
HEL values[20] indicates that shear strength 
effects are not negligible in many instances. 

Unaware of the simplicity of the elastic- 
plastic response, crystalline quartz chooses to 
respond to anisotropic compressions in a 
radically different fashion, thereby raising 
questions as to the generality of the elastic- 
plastic response, and the calculation of <r T 
from the measured HEL values. 

(c) The elastic-isotropic solid 

Shock experiments on single crystal quartz 
revealed an unexpected and dramatically 
different response than that observed for 
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metals. Neilson and Benedick [23] conducted 
experiments in which A'-cut quartz was shock- 
loaded at high pressures and the resulting 
piezoelectric outputs were measured. Inter¬ 
pretation of these piezoelectric outputs 
required that quartz exhibit an unusually 
large HEL and a state of zero piezoelectric 
polarization in the high pressure region above 
the HEL. The piezoelectric response of 
quartz to isotropic compression is zero; 
hence, zero polarization requires <r 7 = 0. This 
observation led Wackerle[24] and Fowles[25] 
to perform shock compression measurements 
on crystalline quartz which, when compared 
with Bridgman's hydrostatic data, showed 
that even though cr* was unusually large, that 
cr T = 0 for stresses greater than the HEL. The 
manner in which quartz suffers this loss of 
shear strength seems inexplicable within the 
theory of plasticity and classical dislocation 
mechanics. Unlike the elastic-plastic solid 
which has a fixed characteristic shear strength, 
the elastic-isotropic solid suffers a catastropic 
loss of shear strength when a critical shear 
stress is exceeded. The magnitude of the 
shear stress alters the shear properties of the 
solid. 

The phenomenological difference between 
the elastic-plastic solid and the elastic- 
isotropic solid is demonstrated in Fig. I. 
Unlike the elastic-plastic response which 
shows a constant offset from the isotropic 
compression curve above the HEL, the 
elastic-isotropic response shows no offset. If 
the process by which the loss of shear 
strength occurs does not alter properties of 
the solid, the hydrostatic compression curve 
and shock compression curve will be the same 
in regions where the shock heating is negligible. 

In contrast to the situation for metals, the 
generality of the loss of shear strength has not 
been systematically explored. It has been 
suggested[26,27] that the elastic-isotropic 
response may be typical of 'brittle' solids but 
little systematic attempt has been made to 
verify this characterization. 

Recently, Ahrens el a/.[28], reported 



Fig. ]. Principal features of the two simplest models for 
the compressional behavior of solids under shock com¬ 
pression. The elastic-plastic solid exhibits a constant 
shear stress offset from the hydrostatic curve for stresses 
greater than the HEL. On the other hand, the elastic- 
isotropic solid exhibits no shear stress offset. Unlike the 
elastic-plastic solid, the shear strength of the elastic- 
isotropic solid is irreversibly reduced by the shear stress 
accompanying uniaxial strain. 

shock-compression measurements on a high- 
density polycrystalline A1 2 0 3 and concluded 
that Al 2 0 3 responded as an elastic-plastic 
solid. This was subsequently confirmed by 
Munsonl29]. Since polycrystalline ALjO^ is a 
brittle solid this observation is not consistent 
with the early predictions of the response of 
brittle solids. Further complicating the ques¬ 
tion, McWhan[30] reported static compres¬ 
sion measurements on quartz with X-ray 
techniques and found that the shock data and 
the high pressure static data showed a small, 
1 per cent offset in volume. Thus, at the 
present time we have no consistent basis for 
predicting the shear stress offsets of solids 
other than metals and are faced with a funda¬ 
mental unknown in the mechanical response 
of solids to large anisotropic compressions. 

The present study of the shock compression 
of single crystal A1 2 0 3 , sapphire, was under- 
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taken to examine further the effects of large 
anisotropic compressions resulting from large 
values of the HEL[31]. Analytical methods 
developed in the discussion section give an 
explicit basis for identification of the loss of 
shear strength under shock loading. Sapphire 
is an excellent material for further study be¬ 
cause it has similar characteristics to quartz. 
Both crystals are oxides, both crystals are 
trigonal; however, sapphire has much larger 
values for elastic constants. Furthermore, the 
shear strength effects for sapphire are larger 
than thermal effects thus affording an un¬ 
coupling between mechanical and thermal 
effects. 

Even though the principal interest of this 
investigation is in the high pressure region 
above the HEL, measurements were accom¬ 
plished both below and above the HEL. The 
measurements below the HEL permit an 
examination of several elastic constants at 
compressions an order of magnitude larger 
than those previously employed and help to 
guide the extrapolation of the ultrasonic data 
to the high pressure region. 

3. EXPERIMENTAL ARRANGEMENTS 

The experiments were of two basic types; 
those which determined the high pressure 
response above the Hugoniot elastic limit, 
HEL, and those which determined the elastic 
response below the HEL. The high pressure 
experiments utilized shock-loading with plane 
wave high explosive techniques, while the 
elastic response was determined in experi¬ 
ments which utilized projectile impact loading 
techniques. 

The high pressure experiments were accom¬ 
plished by generating explosively driven plane 
shock-waves into the samples and monitoring 
their response with an optical technique 
similar to that employed by Wackerle[24]. A 
schematic of this experimental arrangement is 
shown in Fig. 2. The high explosive plane- 
wave generators and explosive pads send a 
shock wave from the detonation through an 
intermediate driver plate of 2024 aluminum 


and into the disk-shaped sample. Various 
pressures are then achieved by the choice of 
different high explosive materials. The various 
explosive and impact configurations are 
described in Table 1. 

During the experiment the position of the 
wire and its image are viewed through appro¬ 
priate lenses through a 0*1 mm observation 
slit in the camera and recorded on film as a 
function of time as the shock wave enters the 
sample and reflects from the free surface. As 
the shock enters the sample, the reflectivity of 
the input surface plating is destroyed and the 
background light intensity is abruptly changed. 
An alternate transit time measurement with 
quartz pins was necessary because of the un¬ 
reliable nature of the change in reflectivity as 
the shock entered the sample. The sharp 
extinction in background light was not always 
achieved. 

After arrival of the second wave the image 
was sometimes optically distorted as shown in 
Fig. 2 by the opening of minute scratches on 
the polished surface. In these cases, however, 
the scratches themselves or the edge of re¬ 
flecting surface follow the surface motion 
directly and their motion was used to obtain 
second-wave free-surface velocity measure¬ 
ments. 

The calibrations of displacement and time 
are particularly simplified in this technique. 
The position of the wire above the free surface 
is measured before shot time to one part in 10 4 . 
The displacement magnitude is then indicated 
directly on the film by the distance between 
the wire a n d its image before shock arrival at 
the free surface. The rotation speed of the 
rotating mirror in the camera was measured at 
shot-time with a resulting sweep rate accurate 
to per cent. Consideration of all the pos¬ 
sible experimental errors in measurements 
and data reduction gives estimated errors of 
±1 to 2 per cent in shock velocity and ±3 per 
cent in free-surface velocity. 

The samples used in the high pressure ex¬ 
periments were cut from single crystal boules 
of sapphire grown by the Verneuil technique 
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Table 1 . Shock loading configurations 


Designation 

Configuration 

Measurements 

H 

Gun-symmetric impact 

impact velocity 
electrical response 

HQ 

Gun-quartz gauge 

impact velocity 
quartz gauge signals 

B 

/>_40i H, + 25 mm Baratol lbl 
plus 12 mm 2024 aluminum 
alloy 

free surface velocity (optical) 
shock velocity (optical/and/or 
quartz pins) 

T 

/M0 laJ + 25 mm TNT 
plus 12 mm 2024 aluminum 
alloy 


C 

/ > -40 tal -b 25 mm Composition 

B plus 12 mm 2024 aluminum 
alloy 


H 

/M0 [al 4- 25 mm PBX 9404 
plus 12 mm 2024 aluminum 

alloy 



lHl Designation for I Ocm dia. plane wave explosive lens as described in 
Ref. 15]. 

,b| Explosive compositions are further described in Ref. [5]. 


by the Linde Co. The samples were cut, 
crystallographically oriented, and polished by 
the Valpey Corporation. The disks were 
nominally 31 mm in diameter and 6, 10 or 
13 mm in thickness. The material was clean 
and free of defects to the unaided eye. 
Crystallographic orientations investigated 
were the natural growth direction of 60°, the 
optical orientation 0° as well as the 90° 
orientation.* 

Experiments below the HEL were accom¬ 
plished utilizing the symmetrical projectile 
impact and electrical response technique 
previously discussed in some detail[32]. The 
sample disk is mounted on the impact face of a 
high velocity compressed gas gun and im¬ 
pacted with a projectile faced with another 
sample disk. Because of the symmetry of the 
impacting samples, the particle velocity 
imparted to the sample is precisely one-half 
the measured impact velocity. The shock- 
wave velocity at various particle velocities is 
measured by observing the electrical response 


*The crystallographic orientation of the 0° axis is 
[0001], for the 90° axis is [1210] and for the 60* axis is 
[1123]. 


of the sample which is initially charged to a 
high voltage. The transit time of the shock 
is clearly indicated on the electrical response 
records. This experiment is especially useful 
for determining the shock compression in the 
elastic range. Experiments beginning at low 
stress levels and increasing in stress amplitude 
help to insure the proper identification of the 
elastic-wave in the high pressure experiments. 

One critical projectile impact experiment 
was performed with Sandia quartz shock- 
wave stress gauges [33] in which both the 
impact surface response and back surface 
response is precisely monitored in time. This 
type of experiment which has been previously 
described [34] provides superior time- 
resolution of the stress profiles in the sample. 

4. RESULTS 

Measurements and data analysis for shock 
compression experiments are concerned with 
the description of the stress vs. time or stress 
vs. position profiles which result when one 
surface of a plane sample is subjected to 
various transient high pressure loadings The 
characteristics of these profiles can be shown 
to be directly related to the stress vs. com- 







Fig. 2. Experimental technique used in the high pressure 
experiments The displacement vs time response of the 
free surface of the sample to high explosive loading is 
monitored with a high speed streak camera which follows 
the motion of a 0-1 mm dia. wire and its image as reflected 
from the surface of the sample. The high speed camera 
was a Beckman and Whitley Model 770 with a maximum 
writing speed of 16-7 mm//usec. Shock arrival times of the 
first waves are also monitored with piezoelectric pins. The 
typical record shows the extinction of background light 
when the shock enters the sample at time The arrival 
time of the first wave at the free surface is f, and the 
arrival time of the second wave is at / 2 . For the experi¬ 
mental record shown, the time difference is 1 077 

^.sec and the height of the wire above the sample is 
I *610 mm. 
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pression curve for the sample material. In the 
present paper two characteristically different 
wave profiles are observed in the various 
stress ranges. These are (1) a single elastic 
compressive wave of stress less than the HEL 
and (2) a two-shock front profile consisting 
of an elastic wave, whose amplitude is the 
HEL, and a slower moving higher pressure 
wave. Since different assumptions are 
employed in the data reduction in each of the 
two cases the method of data reduction for 
each experiment will be described. 

The stress vs. compression states for each 
experiment are calculated assuming steady 
wave conditions and applying the conserva¬ 
tion of mass and momentum conditions across 
each shock front. Thus, from the conservation 
of mass 


and from the conservation of momentum 

Acr = po((/-i# f )Aw, (10) 

where V {) is the specific volume ahead of a 
shock front, AV is the magnitude of the change 
in specific volume imparted by the shock 
front, T) is the strain or compression. Aw is the 
change in particle velocity, u { is the particle 
velocity ahead of the shock front, Aa is the 
change in stress imparted by the shock front 
in a direction normal to the shock front. All 
velocities are in laboratory coordinates. 

(a) Elastic range experiments 
Experiments conducted within the elastic 
range were accomplished with the symmetrical 
impact configuration. Under these conditions 
a single shock front propagates with amplitude 
equal to the input particle velocity and travels 
with a fixed shock propagation velocity. In the 
experiment the particle velocity is measured 
with an accuracy of ±0-3 per cent while the 
shock velocity is measured with an accuracy 
of ±1 to l-i per cent. These values should be 


contrasted to the explosively driven experi¬ 
ments which produce multiple shock fronts 
whose free-surface velocities are measured 
wjth an accuracy of ±3 per cent while the 
shock propagation velocities are measured 
with an accuracy of 1 to 2 per cent. 

The shock velocity and particle velocity 
values observed are shown in Table 2 along 
with the computed stress and compression 
data. The experiments in the elastic range are 
conducted over a range of stress from 15 to 
100 kbar with measurements in three crystal¬ 
lographic orientations. Typical records from 
which these data are obtained have been 
previously shown [32]. Increased shock 
velocity is observed with increasing particle 
velocity in all crystallographic orientations. 
This behavior will be compared to ultrasonic 
determinations of higher order elastic con¬ 
stants in the discussion section. 

One special experiment was conducted on 
a 60° orientation sample. This crystallographic 
orientation is the natural growth direction of 
the artificially grown sapphire boules. For this 
reason, the availability, low cost and high 
quality of the material in the large diameters 
required for this work, make the 60° orienta¬ 
tion more desirable than other orientations. 
On the other hand, this crystallographic 
orientation is apparently not a ‘specific direc¬ 
tion,’ that is, a longitudinal motion applied 
along the disk axis may produce both a quasi¬ 
longitudinal and a quasi-shear wave[35]. 
However, even though sapphire has trigonal 
symmetry the elastic stiffnesses do not vary 
significantly with orientation. For example, 
the longitudinal wave speeds in the 0° and 90° 
orientations differ by only i per cent. Hence, 
the nonsymmetric response would be expected 
to be small if not insignificant. 

To determine the extent of the effect, a 60° 
orientation sample was impacted at 28 kbar 
with a quartz gauge which precisely measures 
the input stress to the sample. This same 
experiment also included a quartz gauge 
measurement of the resulting shock wave 
profile after propagation through a distance of 



Table 2 . Shock compression data for sapphire 
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[dI Not measured due to partial experimental failure. 

Values shown are those assumed to calculate first wave parameters. 
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12 mm. The result is shown in Table 2 as shot 
No. H267. The input and output measure¬ 
ment agreed to within 1 per cent and the shock 
profile showed no dispersion in time. Thus, on 
the basis of this measurement the 60° orienta¬ 
tion samples can be considered as exhibiting 
pure longitudinal wave propagation without 
detectable error in measurements or calcula¬ 
tions. 

(b) High pressure experiments 

Analysis of the explosively-driven shock 
profile measurements requires a number of 
additional assumptions due to the reflection of 
the shocks from the free surface of the 
samples and the subsequent interaction of the 
reflected elastic wave with the slower moving 
high pressure wave. The arrival of the shock 
waves at the free-surface causes a complete 
reflection of the incident wave back into the 
bulk of the sample. If this reflection occurs 
symmetrically, the resulting free surface 
velocity is twice the incident particle velocity. 
This free-surface velocity assumption has 
been applied to compute the incident particle 
velocity from the measured free surface 
velocity. The interaction of this reflected 
elastic wave with the high pressure wave 
causes a detectable effect on the data analysis. 

The high pressure wave is perturbed before 
it arrives at the measuring station; thus, the 
principal problem is to deduce the unper¬ 
turbed second wave shock velocity from the 
measurements at the free surface. This inter¬ 
action is a more important problem than that 
experienced in experiments on metals because 
of the possibility of the irreversible loss of 
shear strength at high pressures. A detailed 
and graphical description of the problem is 
given by Ahrens et al.[ 28J and is discussed 
for the similar situation in quartz by Wackerle 
[24J and Fowles[25]. 

Following Wackerle[24] the second wave 
propagation velocity, t/ 2 , is calculated from 


where U 2 is the nominal shock velocity taken 
as the original thickness, /, divided by the 
arrival time, t 2 , of the second wave at the free 
surface, A t is the difference in arrival times 
between the first and second waves, t x is the 
arrival time of the first wave, the w’s are the 
particle velocities of the various waves as 
indicated by the subscripts, U 3 is the shock 
velocity of the reflected elastic wave after 
interaction with the second wave, and £/ t is 
the shock velocity of the first wave. 

In the stress range just above the HEL the 
calculated value of U 2 is sensitive to the choice 
of a value for C/ ;1 which is not measured in the 
experiment. However, even though U 2 cannot 
always be calculated unequivocally the un¬ 
certainty in i/ 3 is not sufficient to change any 
conclusions and only in the experiments 
178-66, 357-67 and 192-64 does it affect the 
Li* values significantly. In the data shown in 
Table 2 the value of U 3 is chosen to be 
Ui+2u u in accordance with the view that the 
material can be elastically reduced to zero 
stress and subsequently restressed to support 
the same HEL value. This assumption was 
found to lead to no inconsistencies among the 
data and among comparisons to other investi¬ 
gators data. 

In order to examine the possibility of non¬ 
steady material response accompanying the 
transition from elastic compression to inelas¬ 
tic compression, experiments were con¬ 
ducted at three sample thicknesses and for 
four different explosive driving pressures. 
Although no unequivocal evidence of stress 
relaxation was observed behind the elastic 
wave, the amplitude of the elastic wave, 
HEL, summarized in Table 3 shows both a 
thickness dependence and a driving pressure 
dependence which is characteristic of non¬ 
steady behavior of the elastic wave. It is 
probable that small stress relaxation could 
occur and not be detected by the displacement¬ 
time measurements which are inherently 


the relation: 


U j 


= Q h to( (U a -2u,)(U 1 -2u 1 )t. 1 


1 U t (U 3 -2u t )/*+(/ 




( 11 ) 
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Table 3. Hugoniot elastic limits of sapphire 


Driver 0° 

orientation 

90° orientation 

60° orientation 

Sample 

thickness 

Baratol 

13 mm 

— 

— 

120 

J1 mm 

165* 

155 

— 

6 mm 

140 

— 

— 

TNT 

13 mm 

140 

— 

— 

] 1 mm 

— 

135 

— 

6 mm 

150 

— 

— 

Comp B 

13 mm 

— 

— 

— 

11 mm 

150 

— 

165* 

6 mm 

170 

— 

— 

9404 

13 mm 

195 

— 

130 

11 mm 

— 

180 

— 

6 mm 

210 

— 

— 


1 mean value of two experiments. 


limited by poor resolution of rapid changes in 
velocity. 

The values observed range from 120 to 
210kbar. Thus sapphire exhibits the largest 
HEL value ever observed for any material. 
There is considerable scatter in the HEL data. 
Examination of similar sapphire samples in 
polarized light indicated considerable internal 
strain in many samples and it appears that the 
scatter in HEL values results from the extent 
of the internal strain in the samples. 

5. DISCUSSION 

Because of the very large HEL values, the 
shock compression response for sapphire is 
well suited for use in studying the effects of 
large anisotropic compressions on solids. 
From the data in the elastic range, values for 
several third order elastic constants will be 
computed at substantially larger compressions 
than previously employed. From the data in 
the high pressure region above the HEL the 
shear stress configuration will be determined 
and conclusions drawn concerning the effect 
of shear on compressional behavior of solids. 


Finally, the HEL values themselves will be 
analyzed to provide a basis for predicting the 
conditions under which large values of HEL 
are observed. As indicated in the introduction 
the present understanding of these questions 
for solids other than the metals is inadequate 
even though these questions are important to 
our determinations of high pressure equations 
of state, physical property measurements 
under shock compressions, and a general 
theory of plasticity of solids. 

This section will first compare the data in 
the elastic range to extrapolations of ultra¬ 
sonic measurements of elastic constants. Fol¬ 
lowing this, the high pressure data above the 
HEL will be examined for evidence of shear 
stress components and compared to the ampli¬ 
tudes of the HEL and to values for other 
solids. 

(a) Elastic range data 

The compressions achieved in the elastic 
range are an order of magnitude larger than 
those achieved in the recent ultrasonic 
measurements of Gieske and Barsch[36]. 
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Unlike shock compression data at stresses 
greater than the HEL, uncertain effects of the 
stress configuration are minimal and interpre¬ 
tation of the data is more direct. Even though 
ultrasonic measurements are far more precise 
than shock compression techniques, the larger 
compressions of the shock experiment 
enhance higher order effects sufficiently to be 

observable. 

Fowles[25] has recently demonstrated that 
Thurston’s finite strain theory can be adapted 
so that shock compression data in the elastic 
range can be used along with ultrasonic data 
to determine higher order elastic constants. 
Fowles [25] developed an explicit stress vs. 
compression relation involving higher order 
elastic constants for large uniaxial elastic 
compression which we will use to interpret 
the shock compression data. In order to test 
the adequacy of the usual second order elastic 
constant description of sapphire at large 
compressions, the data of Gieske and Barsch 
are used to calculate the stress-volume rela¬ 
tions from Fowles’ finite strain development. 
The results of the calculations are shown in 
Fig. 3 along with the shock compression data. 
At the smaller compressions the different 
crystallographic orientations cannot be dis¬ 
tinguished between at the scale of the figure 
and the differences at the largest compressions 
are less than the experimental error. Recent 
shock compression data of Barker ei al.[ 37] 
on 0 ° sapphire are also included in the figure. 

Examination of the extrapolated ultrasonic 
data in Fig. 3 shows a systematic deviation 
between the compression computed from 
second order constants and the observed 
shock compressions. The value of the third 
order elastic constant which gives the best fit 
to the shock data is obtained by determining 
the difference between the stress compression 
curve calculated from the second order con¬ 
stants and the observed shock compression 
data. Within the accuracy of the data, 
C m = C 333 = — ( 3 - 6 ± 0 - 4 ) x 10 13 dyne/cm 2 . 

Because third order elastic constants give 
sufficiently good description to the shock 



Fig. 3. Shock compression of sapphire in the elastic 
range. The second-order elastic constants of Gieske and 
Barsch are used in Fowles’ finite strain equations to pre¬ 
dict the large strain results in the 0° and 90° orientations 
indicated by the second order constant line. The slight 
negative curvature of the second order constant line is a 
result of finite strain theory. The difference between the 
shock results, as fit by a quadratic, and the finite strain 
values predicted from the usual second-order constant pre¬ 
dictions allow third order elastic constants to be com¬ 
puted. Recent shock data of Barker are also included. To 
the scale used in the figure the compressions in the various 
crystallographic orientations cannot be distinguished 
between. The compression range of the hydrostatic pres¬ 
sure measurements of Gieske and Barsch are indicated 
along the abscissa. 

data, extrapolation of the ultrasonically 
measured bulk modulus and its pressure 
derivative should provide an accurate esti¬ 
mate of the isotropic compression curve for 
comparison with the shock compression data 
above the HEL.* 

(b) High pressure response 

The unusually large HEL values observed 
for sapphire cause large deviations in stress- 


*Note added in proof (See p. 2330). 
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volume relations from the isotropic compres¬ 
sions achieved in hydrostatic experiments. 
Furthermore the large shear stresses which 
are a consequence of the large HEL values 
cause concern that the shear itself may cause 
irreversible changes in the properties of the 
solid. Although it is possible to compare shock 
data directly with hydrostatic data as one 
method for determination of shear stress offset 
in the high pressure region, it is advantageous 
to develop techniques for determining shear 
strength from the shock data itself, independ¬ 
ent of the hydrostatic data. Conclusions 
based on the study of the shock data alone 
impose no a priori assumptions concerning 
the equivalence of the shock and hydrostatic 
compressions and from a pragmatic point of 
view the conclusions are not susceptible to 
changes in the static data or uncertainties 
concerning the equation of state. Accordingly, 
we will delay comparing shock and static data 
until the shock data has been examined for 
evidence of shear stress offset. 

(c) Compression observations 
One of the most obvious and striking 
features of the data shown in Fig. 4 is that all 
the high pressure compression states fall on a 
common compression curve. The common 
compression curve is observed even though 
HEL values ranging from 120 to 210kbar 
were observed for the different crystallo¬ 
graphic orientations, sample thicknesses and 
driving pressures. According to the elastic- 
plastic model each high pressure experiment 
should exhibit a shear stress offset equal to the 
shear strength offset which is proportional to 
the HEL. Thus, different high pressure com¬ 
pression curves should be observed for differ¬ 
ent HEL values. The common compression 
curve indicates the constant shear strength 
model will not describe the response of sap¬ 
phire, Although the value of the shear stress 
offset cannot be obtained from the observation 
of a common compression curve it is possible 
to conclude that sapphire experiences a sub¬ 
stantial loss of shear strength and a collapse 



Fig. 4. Stress-volume relations for sapphire under shock- 
wave compression. The experimental points for the pre¬ 
sent investigation are fit with the cubic polynomial rela¬ 
tion shown All high pressure points show a common 
compression curve in spite of the fact that various 
Hugoniot elastic limits are observed depending upon the 
crystallographic orientation and driving pressure. For 
stresses above 350 kbar the data are not as accurately fit 
by the cubic polynomial. 


toward the isotropic compression curve. The 
common compression curve, which is an 
explicit demonstration of a significant loss of 
shear strength, was also observed for shock- 
loaded crystalline quartz [24]. 

(d) Shock velocity values 
The stress-volume conditions in the 
immediate vicinity of the HEL are a sensitive 
indication of changes in the shear strength in 
the high pressure region. This can be demon¬ 
strated by considering equation (5) which 
relates the longitudinal stress, oy, measured 
in the shock experiment to the mean pressure, 
P, and the shear stress offset, oy The shock 
compressibility may be obtained from deriva¬ 
tives of equation (5) with volume such that 


doy __ dP dcr T 
dV ~dV dV' 


(12) 
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A constant shear stress immediately above the 
HEL requires d<r T /dV — 0. In this case the 
shock compressibility and isotropic com¬ 
pressibility are equal and a disturbance will 
travel with the bulk sound speed. On the other 
hand a significant change in cr T requires 
dcrJdV i* 0 and a change in shock compres¬ 
sibility will result. If the shear strength is 
reduced the shock compressibility will be less 
than the isotropic compressibility and a 
disturbance will travel with a velocity less 
than bulk sound speed. In the absence of a 
phase transition this ‘slow second-wave’ is an 
explicit indication of large decreases in shear 
strength. 

One of the experiments was conducted at a 
pressure just above the HEL. The second- 
wave shock velocity on experiment 178-66 is 
calculated to 6 0 mm/^sec compared to the 
bulk sound speed of 80mm//xsec. Two other 
experiments (192-64 and 357-67) also showed 
shock velocities substantially less than bulk 
sound speed. The method of data reduction is 
admittedly subject to error because of the 
interaction of the first and second waves. 
However, the reduced data in experiment 178 
cannot be changed sufficiently by various 
assumptions in the data analysis to obtain 
a shock velocity as large as the bulk sound 
speed. Thus, the slow second wave velocity 
data give a positive indication of the loss of 
shear strength for pressures just above the 
HEL. 

Wackerle’s shock compression study of 
crystalline quartz [24] also showed one 
experiment in which the shock velocity was 
substantially less than bulk sound speed. 
Although Wackerle did not comment on this 
observation, it is now evident that both 
sapphire and quartz show similarities in their 
compressional behaviors in the immediate 
vicinity of the HEL. Recent piezoelectric 
response measurements confirm the slow 
second wave behavior for quartz [38]. 

(e) Determination of shear offset 

Although it is not common to do so, the 


high pressure shock data can be used to give 
an explicit measure of the shear offset. Under 
the assumption that all high pressure data 
points have a constant offset from the iso¬ 
tropic compression curve and that no phase 
changes have occurred, the high pressure data 
can be extrapolated to zero stress and the 
observed offset in relative volume between 
the extrapolation and the initial relative 
volume can be used to compute the shear 
stress offset. By so doing the high pressure 
shock data may be used as an independent 
measure of the offset of an anisotropic curve 
without prejudice as to the nature of the high 
pressure response. This then provides for an 
independent comparison of shock data and 
static data. A schematic of the method for 
doing this is shown in Fig. 5. 



Fig. 5. Extrapolation of high pressure shock data to zero 
stress may be used to obtain an independent measure of 
the offset between shock data and the isotropic compres¬ 
sion curve. The volume offset at zero stress is a direct 
measure of the volume offset and the stress offset may be 
computed as described in the text. The solid depicted 
responds as an elastic-plastic solid such that (r T = <r rt . 
The extrapolation does not involve any a priori assump¬ 
tions concerning shear strength and thus may be used as 
an independent measure of stress offsets. 
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Assuming that the shear stress offset, <r T , is 
constant for all data above the HEL it can be 
shown that 

tr T = Bt)q (12) 

where B is the bulk modulus,^ is the magni¬ 
tude of the zero-stress relative volume offset 
measured from the extrapolation of the high 
pressure shock data. The bulk modulus must 
be known but may be determined from data at 
atmospheric pressure. The change in bulk 
modulus with pressure will not seriously 
affect the calculation since only the change in 
modulus for compressions up to a value equal 
to the volume offset will affect the calculation. 

The zero stress relative volume offset for 
sapphire is determined from the shock data 
above the HEL with a cubic polynomial fit to 
the data. A cubic polynomial expansion about 
the initial volume, T ( „ shows that: 

1 + Act— Ba 2 + C<tK (13) 

where A = 1 IB {) and B {) is the atmospheric 
pressure bulk modulus. If the bulk modulus is 
assumed to be linear in pressure; \2}B = 
(1 + flj)/2fl 0 a and C = (1 + 3B1+ 2 ( B{ } )*)/6fl„ a , 
where B {) is the first pressure der ivative of the 
bulk modulus. The adequacy of the cubic 
polynomial to represent incompressible solids 
like sapphire in this pressure range has been 
discussed by Anderson [2]. 

The best fit for the zero stress volume offset 
was judged by requiring the first linear term of 
the polynomial to agree with the ultrasonic 
measurement of compressibility. The volume 
offset so obtained is the initial point of a high 
pressure compression curve fit to the shock 
data with initial slope in agreement with the 
ultrasonic data. Iterations are performed in 
which a volume offset is assumed and fit to the 
data until agreement with the adiabatic com¬ 
pressibility is obtained. This technique was 
found to give a volume offset to three signi¬ 
ficant figures with the present data. Since the 


coefficient of the second term is related to the 
pressure derivative of the bulk modulus, B i, 
this value is also obtained from the polynomial 
fit. The values derived for the present shock 
data are: T 7 0 = 0*0118, B 0 = 2-542 x 10 3 kbar, 
and B’ = 3*69. Because the compressions are 
relatively small, these values are representa¬ 
tive of adiabatic compressions. 

Using a bulk modulus value of 2-542 x 10 3 
kbar[36], the shear stress offset of cr T = 30 
kbar is obtained from equation (12); whereas, 
the calculated shear strength offset, <x* from 
equation (7) has values which range from 55 to 
110 kbar.* 

From another point of view, the relative 
volume offset can be used to calculate an 
HEL value consistent with the elastic-plastic 
theory and this value can be compared to the 
measured HEL values. Assuming constant 
values for bulk modulus, B , and the appro¬ 
priate one-dimensional strain elastic constant, 
C, up to compressions to the HEL, it can be 
shown that if the solid responds as an elastic- 
plastic solid that; 

(Tv = Bt} 0 (1 ^ B/C)~ i (14) 

where <r v is the computed HEL consistent 
with the observed volume offset and the 
elastic-plastic model. 

The calculated HEL from equation (13) is 
60 kbar. This value should be compared to the 
measured HEL values which range from 120 
to 210 kbar. The discrepancy between the 
HEL predicted from the elastic-plastic theory 
and the measured values indicates that the 
elastic-plastic model will not describe the 
compression of sapphire. 

(f) Summary of shear strength observations 

In summary, it is clear that there are three 

*A)I calculations involving elastic constants in this 
paper use the data of Gieske and Barsch, Ref. [36]. Their 
paper also contains an excellent summary of other elastic 
constant data on AI 2 O s . For the single crystal t* was cal¬ 
culated trom: t* = £{1 — C x JC xx )<r /ft where x is the 
shock propagation direction and z is the lateral direction 
and the Cs are the elastic stiffness constants. 
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different interpretations of the shock data 
which show a substantial loss of shear 
strength when sapphire is shocked above the 
HEL. These are: 

1. a common high pressure compression 
curve, independent of the HEL values, 

2. shock-velocity values substantially less 
than local bulk sound speed, 

3. and measurements of the volume offset 
obtained when the high pressure data are 
extrapolated to zero pressure. 

These same criteria are generally applicable 
to other materials in investigating shear 
strength effects. 

(g) Comparison with static data 

To this point the conclusions concerning the 
shear stress offset are based entirely upon the 
shock data. There are two static pressure 
measurements which can be used for an 
independent determination of the high pres¬ 
sure isotropic compression curve. Both of 
these are shown in Fig. 6. 

The compression measurements of Hart 
and Drickamer[39] were accomplished with 
X-ray techniques in a high pressure anvil 
apparatus. Although the measurements show 
a large experimental error they can be used as 
a nominal guide to compressions at high 
pressure. 

The most accurate measurements are the 
ultrasonic wave velocity measurements of 
Gieske and Barsch[36] to lOkbar. Although 
these data must be extrapolated to signifi¬ 
cantly higher compressions, the determination 
of nigher-order elastic constants in the elastic 
range show that the bulk modulus and its 
pressure derivative should give an accurate 
description of the compression to values used 
in the present experiments. The comparison 
of ultrasonic extrapolation and X-ray data 
show an appreciable difference but the differ¬ 
ence is probably within the experimental error 
of the X-ray measurement. 

The temperature rise due to shock compres¬ 
sion of sapphire is not appreciable because of 



Fig, 6. Compression data for AFO., derived from various 
sources. The data obtained in the present investigation is 
shown by the various polynomial statistical fits. The data 
of Hart and Drickamer were obtained from lattice para¬ 
meter determinations. Estimates of their experimental 
error are shown on one experimental point. The ultra¬ 
sonic data of Gieske and Barsch measured to 10 kbar are 
extrapolated with a cubic polynomial to compare to the 
shock data. The point of McQueen and Marsh for single 
crystal ALO t is reported in Ref. [2). The shock data on a 
high density ALO* is shown for comparison with the 
single crystal data. The cubic polynomial fails to give an 
accurate representation above a stress of 350 kbar and is 
shown by a dotted line for comparative purposes only. 
A logarithmic equation such as a Murnaghan equation 
gives an excellent correspondence between the data of the 
present work and that of McQueen and Marsh. 

the relatively small compressions involved. 
Accordingly, the thermal pressure correction 
computed from conservation of energy is not 
significant; amounting to about a 6 kbar cor¬ 
rection at 400 kbar and about a 1 kbar cor¬ 
rection at 150 kbar. These thermal pressure 
corrections are less than the experimental 
scatter and small compared to the offset 
between the static and shock data; hence, the 
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correction has not been applied to the shock 
data 

The stress offset observed between the 
extrapolated ultrasonic data and the best fit 
to the shock data range from 38 to 43 kbar 
depending upon the pressure range where the 
comparisons are accomplished. Likewise the 
volume offsets are observed to range from 11 
to 1*3 per cent. Similar offsets to the data of 
Hart et at. are 0*75 to 1-0 per cent and 25 to 
38 kbar. These values for stress and volume 
offsets are in excellent agreement with the 
values derived from the shock data alone, yet 
grossly different from values predicted from 
the elastic-plastic theory and the measured 
HEL values. Thus, the direct comparison of 
the static and shock data also demonstrates 
that when sapphire is shocked to pressures 
greater than the HEL that a substantial loss of 
shear strength is observed. 

A striking feature of both sapphire and 
quartz is that both materials show about a I 
per cent volume offset to the isotropic com¬ 
pression curve after a substantial loss of shear 
strength is experienced. Thus there may be 
some similarities to the condition of these 
materials after the loss of shear strength. 

Because of the unusual character of the loss 
of shear strength it is not implausible that the 
thermodynamic treatment of the yield is 
inadequate. Unlike yield under elastic-plastic 
conditions which is analogous to a second 
order phase transition, the loss of shear 
strength is analogous to a first-order phase 
transition. For example, the shear strain 
elastic energy for sapphire at 200 kbar is 12 
cal/g. The loss of shear strength on the time 
scale of the shock experiments will cause this 
energy to appear as thermal pressure with an 
average value of about 6 kbar. Although this 
pressure is about a factor of five too small to 
account for the observed difference between 
static and shock results, the possibility of 
severe local inhomogeneities due to failure 
along specific crystallographic planes might 
'cause sufficient complications to cause con¬ 
cern as to the proper treatment of these 


thermal effects. In any event it appears that 
more detailed study of possible thermo¬ 
dynamic effects is warranted. 

(h) Hugoniot elastic limit values 

The unusually large HEL values observed 
for sapphire and the equally unusual loss of 
shear strength in the high pressure region 
suggest fundamentally different shear-failure 
mechanisms than observed for metals. It is, 
therefore, instructive to compare the maxi¬ 
mum shear stress supported by sapphire to 
predictions of the theoretical shear strength, 
i.e., the inherent shear strength of the perfect 
crystal. Present capability for calculating the 
theoretical shear strength are not sufficiently 
realistic to give accurate estimates[40, 41]. 
However, most calculations give a lower 
bound to the shear strength of about 0*03 G, 
where G is the appropriate shear modulus. 
Experimental measurements of values for 
theoretical shear strength are limited to Bren¬ 
ner's measurements [42] on metallic whiskers 
which gave values of 0 027 G for Cu, 0 036 G 
for Au and 0 052 for Fe. 

The largest HEL value observed in sapphire 
was 210 kbar which corresponds to a maxi¬ 
mum shear stress of 83 kbar based on the 
atmospheric pressure elastic constants. This 
maximum shear stress value is 0*056 C 44 ; large 
enough to approach estimates of the theoreti¬ 
cal shear strengths. The case for quartz is 
even more noteworthy since the highest HEL 
observed is 011 C 44 . Thus, both sapphire and 
quartz exhibit shear strengths under shock 
compression which could reasonably be 
theoretical shear strengths and both sapphire 
and quartz lose shear strength and collapse 
toward an isotropic compression curve when 
shocked above the HEL. 

On the basis of the limited data it is pre¬ 
mature to suggest a general model for the loss 
of shear strength; however, it is worthwhile to 
examine the existing shock-compression litera¬ 
ture for evidence of large HEL values and 
shear stress offsets. These data are collected 
in Table 4. There are reasonably complete 
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Table 4. Shear strengths of shock loaded crystals 


Crystal Structure kbar kbar t ma */C 44 Loss of shear strength 


Si0 2 

Z-cut[241 [bl 

Y-cut[38] 

AI2O3 


0° orientation 
90° orientation 
60° orientation 


MgO[46j 

[1001 

Cubic 

TiO a (47] 

[001] 

[100] 

Cubic 

Si [44] 

[100] 

[HI] 

Cubic 

Ge[l 11][43] 

Cubic 

NaCI [45] 

[HI] 
f 1 10] 

[100] 

Cubic 



579 

* 

62 


0108 

33 

1472 

0-057 

83 


0056 

72 


0-049 

68 

1559 

0-046 

25 

1239 

0-016 

33 


0-027 

12 

796 

0 0096 

28 


0-035 

12 


0-015 

10 

672 

0015 


128 


2-3 


0-018 

0-28 


00022 

0-09 


0 0007 


Yes 

Yes 

Yes 

Yes 

Yes 

Yes? limited 
shock data 


?Yes, possible transition 
No 
No 

Yes? one experiment 

No 

No 


Trigonal 

Trigonal 


I a] T mux is taken to be the maximum observed value of £( 0 ;, — cr w ). where a x is the 
maximum observed HEL value and a u is the minimum lateral stress computed from 
atmospheric pressure elastic constants. The rationale for taking maximum values is 
based on the likelihood that the lower values are caused by samples of inferior quality 
due to internal strains or other defects. In anisotropic crystals lateral stresses may 
vary due to lateral anisotropy. Because of non steady effects these maximum values 
may relax to lower stress values. 

fb] Reference numbers following the various materials indicate the source for the 
HEL values used to compute r max . 


data for Si0 2 , Al 2 0 3 , Ge[43], and Si [44] with 
limited information available for NaCI[45j, 
MgO[27,46] and Ti0 2 [27,47]. One immedi¬ 
ate conclusion that can be drawn from an 
examination of the existing data is that not all 
solids which are brittle at room temperature 
and atmospheric pressure exhibit loss of shear 
strength under shock loading. Furthermore, as 
previously stated, polycrystalline Al 2 Qo a 
brittle solid, responds as an elastic-plastic 
solid. On the other hand, crystalline A1 2 0 3 and 
Si0 2 exhibit a substantial loss of shear 
strength. 

Thus the experimental evidence indicates 
that a general model proposing that brittle 
materials lose their shear strength when 
shocked above the HEL is not suitable to 
predict material response. Definitions of 
brittle materials as ordinarily posed are based 


on crack propagation at stresses less than that 
necessary to cause slip and inelastic deforma¬ 
tion. The large isotropic pressure component 
of shock experiments will not permit crack 
propagation; hence, in contrast to static 
experiments, materials cannot fail by crack 
propagation and inherent strength properties 
may be observed in bulk materials. 

It appears possible that different shear- 
failure mechanisms may be encountered in a 
given crystal shock loaded along different 
crystallographic axes. If loading is accom¬ 
plished in a direction which causes no shear 
on the slip plane, failure cannot be expected 
by conventional slip mechanisms. Experi¬ 
mental evidence for this is shown in Table 4 
where large HEL values are observed in [100] 
Si and [111] NaCI, while much lower values 
are observed in other directions. There is 
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some evidence, admittedly inconclusive, for 
loss of shear strength in both cases. The [111] 
NaCl investigation shows one experiment 
with a wave velocity lower than bulk sound 
speed. The high pressure [100] Si data show 
velocities less than bulk sound speed; how¬ 
ever, this observation is inconclusive because 
of the possibility of a phase transition. In any 
event, the possibility of preferential loss of 
shear strength in various crystallographic 
directions in a given crystal should not be 
overlooked. In fact, it would be highly desir¬ 
able if various crystals were studied in detail 
for experimental evidence to examine this 
question. 

The shock compression data[28] on high 
density polycrystalline Al 2 0 3 indicate elastic- 
plastic response and no loss of shear strength. 
Although at first glance this seems inconsistent 
with the results of the present investigation, 
there is no reason that the yield mechanisms 
of the polycrystal and single crystal should be 
the same. In fact, the HEL values for various 
polycrystalline Al 2 0 ; , samples as shown in 
Table 5, show a marked dependence on 
porosity of the sample. This indicates that the 


Table 5. Hugoniot clastic 
limits of polycrystalline AL0 3 


Density 
g cm 

HEL 

kbar 

Reference 

3-98 

ii2+ n 

28 

3-969 

70— 136 

29 

3-92 

140 

49 

3 81 

83 ± 5 

28 

3-76 

58-72 

20 

3-72 

80 

49 


HEL is governed by grain boundary and inter- 
grannular effects and that the shear strength 
of intergrannular material is apparently less 
than that required to exceed the shear 
strength of the crystallite. 

The elastic-plastic response of polycrystal¬ 
line AI 2 0 3 and the elastic-isotropic response 
of single crystal Al 2 0 ; , support the view that a 
critical shear stress must be exceeded before 


a loss of shear strength occurs. Furthermore, 
this observation indicates that shear strength 
effects at high pressure are different for poly¬ 
crystalline and single solids of the same 
chemical composition. 

It seems clear that if slip cannot occur under 
shock-loading due to an insufficient number of 
mobile dislocations or due to shear stress of 
insufficient magnitude on the slip plane, that 
failure must occur by different mechanisms 
than ordinarily encountered. The shock data 
indicate that as the shear stress values 
approach the theoretical shear stress esti¬ 
mates, substantial loss of shear strength is 
observed in the high pressure phase. If solids 
are observed to sustain shear strengths under 
shock loading which approach or are greater 
than 0 03 G, a loss of shear strength should be 
anticipated. 

It is perhaps noteworthy that all of the 
oxides investigated support maximum stress 
values in excess of 25 kbar and that both of 
the materials which are known to lose their 
shear strength are oxides. Since the oxides are 
known to have elastic properties dependent 
principally upon the oxygen ion framework 
[36,48] the critical shear stress observed for 
oxides may be a property of the oxygen frame¬ 
work and single crystal oxides are good 
candidates for materials with large HEL’s and 
a corresponding loss of shear strength. 

6. SUMMARY AND CONCLUSIONS 

The shock compression data for sapphire 
show that the compressional behavior of 
sapphire is analogous to quartz in that both 
solids exhibit large HEL values and both 
exhibit a substantial loss of shear strength 
when shocked above the HEL. Sapphire and 
quartz are best characterized as elastic- 
isotropic solids and not elastic-plastic 
solids. These conclusions are based upon 
observations of: (1) common high pressure 
compression curves for various HEL values, 
(2) high pressure shock velocities less than 
local bulk sound speed, and (3) the volume 
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offset when the high pressure data are extra¬ 
polated to zero pressure. 

Comparison of hydrostatic and shock com¬ 
pression curves for both sapphire and quartz 
show differences in volume at a given pressure 
of about 1 per cent. The reason for this is not 
understood. 

The present theoretical and experimental 
descriptions of yield mechanisms in solids and 
shear strength effects at high pressure are 
inadequate to characterize solids other than 
metals. Brittle material classifications under 
static conditions do not adequately charac¬ 
terize those materials which are known to 
respond as elastic-plastic or elastic-isotropic. 
There is evidence for different shear-failure 
mechanisms and different shear strength 
effects between single crystals and poly¬ 
crystals and for crystals shocked in various 
crystallographic directions. 

When the shear strengths of solids approach 
the theoretical shear strength values under 
shock loading, elastic-isotropic response and 
changes in shear sensitive properties should 
be anticipated. It is central to our under¬ 
standing of the compressional behavior of 
solids under large anisotropic compressions to 
accomplish further detailed investigations of 
HEL values and compression curves for 
stresses immediately above the Hugoniot 
elastic limit. 
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Comparison of third-order constant^*' 



Gieske 

Hankey et al. 

Present Work 

Cm 

—3*92 

-3*87 

—3*6 

f % 3 .'« 

-310 

-3-34 

-3*6 


[a] All units are 10 13 dyne cm" 2 
Differences between the static and shock compression 
may involve fourth-order constant contributions. 
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Abstract -The internal friction and Young's modulus of a hydrogen doped niobium single crystal 
were measured in the temperature range 20 to 370°K. Nucleation of niobium hydrides is indicated by 
the growth of an internal friction maximum. The height of the internal friction maximum is propor¬ 
tional to the hydrogen concentration and it shifts progressively to higher temperatures with increasing 
hydrogen concentration. The activation energy of the peak was found to be about 0*27 eV, From the 
experimental correlation between temperature and hydrogen concentration at which the peak forms 
it is possible to deduce the «/a + /3 solvus. The solvus yields a heat of solution of about 012eV, in 
agreement with other measurements. Deuterium doped niobium did not yield significantly different 
results from the ones obtained with hydrogen. 


1. INTRODUCTION 

The effects of hydrogen upon the mechani¬ 
cal properties of pure and alloyed metals have 
been of interest for many years. Most of the 
interest in these effects arises from the fact 
that hydrogen affects adversely the engin¬ 
eering properties of many metal systems; of 
these, the effects of hydrogen in producing 
embrittlement and loss of ductility are prob¬ 
ably the most important. Westlake [1] has 
recently given a summary of many investiga¬ 
tions in this area. Internal friction measure¬ 
ments constitute a powerful additional tool 
which provides a correlation between the 
metallurgical effects of hydrogen in metals 
and the physical mechanisms by which such 
effects are generated [2-11]. These measure* 
ments are sensitive to atomistic events as 
well as to the more gross material properties. 
It was the purpose of this work to study the 
effects of hydrogen in niobium single crystals 
using internal friction techniques and to identi¬ 
fy possible physical mechanisms which con¬ 


tribute to embrittlement in this material. The 
work is reported in two papers; in this paper 
the experimental results are reported and in 
the second an interpretative discussion of 
the results will be given. 

2. EXPERIMENTAL TECHNIQUES 

The experiments described in this paper 
were all performed on a 0 10) niobium single 
crystal 6 mm in dia. and 12-5 cm long. It had 
an initial resistivity ratio of about 400[12]. 
The measurements reported here were made 
in an apparatus which has been described in 
detail earlier [ 13] operating over a temperature 
range from about 20 to 370°K. The crystal 
was mounted with three set screws at its 
center of gravity and wafc free at both ends; 
its resonant frequency in the fundamental 
mode was about 13 kHz. All measurements 
were made at a constant strain amplitude of 
about 1 x 10~ 7 . 

Hydrogenation of the sample was accomp¬ 
lished by heating it to about 750°C in a micro- 
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Sieverts apparatus [14] similar to the one 
described by Albrecht ei at. [15]. In this way, 
hydrogen charges of 100, 633, 3460, 17700 
and 91000 at. ppm were successively placed 
in the sample. After each of these chargings, 
a complete set of temperature dependent 
internal friction and modulus data was ob¬ 
tained from about 20 to 370°K. Thereafter 
the crystal was outgassed and the measure¬ 
ments repeated using the same procedure. It 
was then recharged successively to 2910 at. 
ppm hydrogen and 2660 at. ppm deuterium 
and again the measurement cycle was 
repeated. 

Aging behavior of the hydrogen-charged 
crystal during measurement required adoption 
of a rather complicated measurement pro¬ 
cedure. Even at low hydrogen concentrations 
hysteretic effects were introduced into the 
decrement and modulus data by low tempera¬ 
ture aging, i.e., cooling and warming between 


room temperature and 20°K yielded different 
results. To obtain some understanding of the 
source of this large hysteretic behavior and to 
determine its temperature dependence, a 
scheme of experimentation was adopted 
which would permit the establishment of 
temperature ranges within which the hyster¬ 
etic phenomenon could be observed to occur 
at the various hydrogen concentrations. A 
standard sequence was developed in which 
the crystal with the various hydrogen concen¬ 
trations was cooled successively from room 
temperature to 240, 160, 80 and 20°K and 
held for about 20 hr. Measurements were 
made during the temperature descent as well 
as during temperature ascent back to room 
temperature. Cooling and heating rates of 
about 0-3°K/min were used. Length change 
measurements were also made with a standard 
vernier gauge as a function of hydrogen 
concentration. 
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Fig. 1. Logarithmic decrement of Nb-3460 at. ppm H as a function of temperature. 
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3. RESULTS 

The results obtained for the logarithmic 
decrement after charging the sample to 3460 
at ppm H are shown in Fig. 1. The large 
hysteretic effects which result in the internal 
friction maximum at 240°K (in this case) are 
clearly evident. Curve No. 1 represents the 
results obtained in the initial cooldown from 
room temperature to about 240°K. The dec¬ 
rement is very low (~ 3 x 10~ 5 ) and remains 
small during the retrace to room temperature 
at this concentration (curve No. 2), i.e., no 
appreciable hysteresis and peak structure 
has been developed as a result of aging at 
240°K. Curve No. 3 retraces curves No. 1 
and 2 down as far as 240°K, and then con¬ 
tinues to 160°K for a second low temperature 
aging cycle. On the retrace to room tempera¬ 
ture (curve No. 4) the formation of the peak 
structure has commenced. The aging con¬ 
tinues with a subsequent descent to 80°K, 
curve No. 5. Note that the maximum in curve 
No. 5 is larger than that in curve No. 4, 


suggesting that the mechanism which creates 
the internal friction maximum continues at 
room temperature after being nucleated at the 
lower temperature. Curves No. 6 through 8 
shbw the continued aging as the lowest tem¬ 
perature attained is reduced to 20°K. The 
sample was then heated to about 370°K for 
24 hr. During this isothermal anneal the maxi¬ 
mum in the decrement was reduced somewhat 
(curve No. 9), but following another aging 
period at 80°K, curve No. 10 reproduced the 
results found in curves No. 7 and 8. 

Results obtained with a hydrogen concen¬ 
tration of 17,700 at. ppm are shown in Fig. 
2. They are qualitatively the same as those 
obtained for smaller hydrogen concentrations, 
but the aging cycle is shifted upwards in 
temperature. At this concentration, peak 
growth occurs in the first curve at 240°K, 
whereas in Fig. 1 (3460 at. ppm) it did not 
commence until the sample was cooled to 
160°K. Note that the maximum value of the 
decrement is larger than for the smaller con- 
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Fig. 2. Logarithmic decrement of Nb-17700 at. ppm H as a function of temperature. 
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centration and that the same general annealing 
features are observed at 370°K. 

Changes in Young's modulus for the 
specimen containing 17,700 at. ppm are 
shown in Fig. 3; the numbering scheme in 
this plot is the same as that used for the cor¬ 
responding decrement curves given in Fig. 2. 
Generally, the modulus results are completely 
complementary to the decrement results 
shown in Fig. 2 in the sense that the aging 
mechanism which produces the internal 
friction growth simultaneously lowers the 
modulus. Thus curve No. 10 shows a mini¬ 
mum modulus value in the 250°K region 
corresponding to the maximum decrement in 
this same region. Curve No. 8 also shows 
that the annealing process at 370°K produces 
a recovery of the modulus, again in concert 
with the decrement results shown earlier. 
The irregularity in the modulus curve in the 
range 70-80°K is independent of the hydrogen 
concentration, and is apparently a property 
of the niobium itself. 

Examples of the isothermal growth of the 
decrement and decay of the modulus at a 
hydrogen concentration of 17,700 at. ppm 


with time at 241-5°K are shown in Fig. 4a 
(these are the transitions between curves No. 
1 and 2 in Figs. 2 and 3). Fig. 4b shows the 
results obtained during an anneal at 366°K. 
At this temperature the decrement decays and 
the modulus grows (transitions between 
curves 8 and 9 in Figs 2 and 3). Note that the 
time required to achieve 50 per cent of the 
property changes is smaller at 241 5°K than 
it is at 366°K. This result indicates that the 
kinetics of formation and decay of the internal 
friction maximum are significantly different. 

A summary of the decrement results ob¬ 
tained during the warming cycle from 20°K 
to room temperature (equivalent to curve No. 
8 of Figs. 1 and 2), is given in Fig. 5 for the 
various hydrogen concentrations studied. 
These concentrations and the curve identifica¬ 
tions are given in the legend on the figure. A 
semilogarithmic plot is used to display these 
results because of the large variation of peak 
heights even though such a plot does not show 
the peaks as clearly as do linear plots (see the 
corresponding curves No. 8 of Figs. 1 and 2). 
Details below 90°K are omitted; no effects 
were observed in this region attributable to 
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Fig. 3. Youngs' modulus of Nb-17700 at. ppm H as a function of temperature. 
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Fig. 4(a). Isothermal change of the logarithmic decrement and Young's 
modulus of Nb-17700 at. ppm H at 241*5°K. 



Fig. 4(b). Isothermal change of the logarithmic decrement and 
Young’s modulus of Nb-17700 at. ppm H at 366°K. 


the presence of hydrogen in this crystal. 

Two essential features are to be noted in 
this summary of results. They are these: (1) 
with the exception of the first doping to 100 
at. ppm hydrogen, the maximum amplitude 
of the peak increases monotonically with 
hydrogen concentration, and (2) the center 


temperature of the decrement maximum 
moves to higher temperatures as the concen¬ 
tration is increased. Additionally, there are 
some other features to be noted. In the virgin 
crystal (0 at. ppm hydrogen), two peaks were 
observed, one at 195°K and an exception¬ 
ally narrow one at 232°K. These have been 
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Fig. J. Logarithmic decrement of hydrogen doped Nb after aging at 20°K. 


observed before[11]; it is seen, however, that 
the 232°K ‘spike’ in this crystal was found in 
the 0 at. ppm data, only slightly in the 100 at. 
ppm results, and hardly, if at all, in the 
higher concentration experiments. It is also 
seen that the first hydrogen addition (to 
100 at. ppm) suppressed the decrement 
below the initial level. Whether this is a true 
effect of hydrogen is not known with cer¬ 
tainty at this time, but this reduction may be 
associated with dislocation pinning. The final 
curve in this series, i.e„ the outgassed’ sample 
shown by filled triangles (A), shows decre¬ 
ment values which are considerably larger 
than those found in the initial, or 0 at. ppm 
hydrogen, curve. The peak value is about the 
same as that found in the 633 at. ppm results, 
but its center is located at 175 instead of 
220°K. 

A logarithmic plot of the peak values of the 
logarithmic decrement as a function of 


hydrogen concentration is given in Fig. 6. 
These decrement values are obtained from 
the results shown in Fig. 5 which, as will 
be recalled, are the results obtained in the 
final warmup from 20°K to room tempera¬ 
ture. The temperature given in parentheses 
beside each point is the temperature at which 
the maximum decrement occurred for each 
concentration. Two features are apparent in 
this curve. The maximum value of the decre¬ 
ment is approximately proportional to the 
concentration (the line is drawn through the 
points with a slope of unity) and the tempera¬ 
ture of the maximum increases monotonically 
with concentration. 

A summary of the modulus data which 
correspond to the decrement results of Fig. 5 
is shown in Fig. 7. Generally, the modulus 
increases as a function of hydrogen concentra¬ 
tion at any temperature, it should be kept in 
mind, however, that the room temperature 
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Fig. 6. The height of the precipitation peak after aging at 20°K as a function of 
hydrogen concentration (numbers give the temperature of the peak). 


values of the modulus after low temperature 
aging are not as large as that measured for the 
initial condition at room temperature (c.f. 
Fig. 3). The modulus shows an irregular 
behavior for all alloys near 80°K, as noted 
earlier. This irregularity does not seem to 
depend upon the hydrogen content, nor is 
there any consistent decrement maximum in 
this region which would suggest that the 
irregularity is a modulus defect. There are 
some modulus steps, however, which clearly 
should be interpreted as modulus defects 
which accompany the measured internal 
friction phenomena. One of these occurs at 
195°K in the as-received condition. Appar¬ 
ently this defect accompanies the decrement 
maximum at this same temperature shown in 


Fig. 5. Another clearly defined step occurs 
at about 190°K in the 91,000 at. ppm results 
which apparently accompanies the maximum 
in the decrement at 195°K shown in Fig. 5 
for this concentration. In all cases, the tem¬ 
perature dependence of the modulus dimin¬ 
ishes toward room temperature, and in fact, 
becomes positive for a ways above room 
temperature. This flattening has been ob¬ 
served before [16,17], and in this case, makes 
a positive identification of modulus defect 
structure somewhat difficult. This point will 
be pursued further in the discussion. 

Decrement and modulus results are given 
in Figs. 8 and 9 at two different frequencies 
(approximately 13 and 39 kHz) for both 
hydrogen and deuterium charged conditions. 
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Fig. 7. Young's modulus of hydrogen doped Nb after aging at 20°K. 
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Fig. 8. Logarithmic decrement a! 13 and 39 kHz of Nb-2910at. ppm 
H and Nb-2660 at. ppm D as a function of temperature. 
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Fig. 9. Young s modulus at 13 and 39 kHz of Nb-2910 at. ppm H 
and Nb~2660 at. ppm D as a function of temperature. 


The hydrogen charge (—2900 at. ppm) was 
introduced after the sample had been doped 
to 91000 at. ppm and outgassed, and the 
deuterium charge (—2600 at. ppm) after re¬ 
moval of the 2900 at. ppm hydrogen charge. 
Both of the third harmonic curves are shifted 
to higher temperatures from their respective 
fundamental curves. This result is consistent 
with the expectations of a thermally activated 
loss mechanism and yields an activation 
energy of 0-27±0*05 eV. On the other hand, 
corresponding curves for hydrogen and 
deuterium exhibit very little temperature 
shift. The peak amplitudes of three of these 
curves fit nicely on the plot given in Fig. 6 for 
these charge conditions; an exception is the 
unexpected departure of the third harmonic 
curve for hydrogen. In all of these data there 
is some evidence of the ‘230°K spike’ dis¬ 


cussed earlier. The corresponding modulus 
curves (Fig. 9) for these same conditions show 
that for both hydrogen and deuterium the 
modulus values derived from the third har¬ 
monic mode are significantly larger than those 
obtained from the fundamental mode. No 
explanation for this difference is available at 
present. 

4. DISCUSSION OF RESULTS 

The apparent complexity of the internal 
friction maximum observed in this work 
seems to preclude a detailed description of the 
dissipation mechanism. At least three well- 
known models might be used to interpret the 
results. These possibilities will be discussed 
briefly, but a final selection of a model and its 
comparison with the experimental results will 
be deferred to a later paper. The principal 
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part of the discussion is therefore concerned 
with the internal friction and modulus changes 
which occur during precipitation of the 
hydride. 

The mechanism which generates the in¬ 
ternal friction maximum observed in this work 
is associated with the formation of niobium 
hydride. In fact, the temperature at which the 
first logarithmic decrement changes occur 
appears to define a point on the phase boun¬ 
dary for each composition. These points fit 
well on the phase diagram established from 
earlier work and reproduced in Fig. 10. Here 
are plotted (1) part of the phase diagram ac¬ 
cording to Walter and Chandler [18], (2) a 
solvus line established by Westlake [19] from 
resistometric measurements and (3) points 
derived from the present investigation. The 
agreement is excellent. These same data 
plotted logarithmically as a function of 1 IT 
as shown in Fig. 11, all yield values for the 
heat of solution in the range 0-11-0' 12 eV. The 
‘temperature windows’ from the present work 
are plotted as error bars at the appropriate 
concentrations. Although this technique is 
very inaccurate, especially at low tempera¬ 


tures, a best fit yields 0*11 eV. Temperature 
variation of the onset of brittle fracture with 
composition of hydrogen also yields a value 
of about this magnitude, i.e. 0* 13 eV [20]. This 
agreement implies, as Westlake earlier pro¬ 
posed, that the onset of hydrogen embrittle¬ 
ment and precipitation of a hydride are 
correlated phenomena. 

At least three well-known acoustical loss 
mechanisms might be used to account for the 
precipitation’ internal friction maximum 
observed in this work: The first of the mec¬ 
hanisms is a dislocation-interstitial drag 
mechanism which results in a relaxation 
known as the cold-work peak; it has been 
described theoretically by Schoeck[21], 
Although no dislocations have been delib¬ 
erately introduced by external cold-work, 
precipitates in other systems have been ob¬ 
served to produce dislocations which result in 
a cold-work peak [22]. Punched-out disloca¬ 
tions about hydride-precipitates in niobium 
have also been observed [23]. These disloca¬ 
tions could, together with a dilute hydrogen 
atmosphere, be responsible for this damping 
peak. A second possibility is that of a Stress- 



Pis- 10. The Nb-H phase diagram at low hydrogen concentrations (after 
Westlake[19], Walter and ChandIer[18J, and this work). 
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Fig, 11. A comparison of solvus curves (after Westlake! 19] and 
this work) and an embrittlement curve (after Longson [20]), 


induced reorientation of the hydride precipi- known a-peak in niobium is characterized 
tate[8]. This mechanism requires rather by an activation energy of 0-25 eV [25-28] 
long range diffusion of hydrogen through the and its origin has been associated with the 
hydride such as is characteristic of the Gorsky thermal generation of kinks on dislocations as 
mechanism[3]; in this case the ‘boundaries’ described by Seeger et al. [29]. It is appealing 
or diffusion lengths are determined by the to suggest that the ‘precipitation’ peak is due 
size of the hydride precipitate. A third possi- to thermal kink generation in the dislocations 
bility is suggested by the observed energy punched out by the hydride precipitate. 

(about 0-27 eV) for the ‘precipitation’ peak The narrow spike-like peak near 230°K can- 
and the observation that punched-out disloca- not be a thermally activated peak. It does 
tion loops surround the hydride precipitate not shift in position as the frequency is varied, 
[23,24], It has been found that the well- having been observed by Viswanadham at 
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virtually the same temperature at frequencies 
near 1 Hz [30]. Viswanadham also found a 
small temperature arrest at this point during 
heating of a Nb-H specimen through this 
range, indicating that a phase-change occurs 
at that temperature. These observations are 
strikingly similar to observations of internal 

K> 

9 


friction in Ta-H alloys made by Kofstad surd 
Butera[31]. They found a similar sharp, spike¬ 
like peak at about 310°K. This temperature 
corresponds to loss of long range order of H 
atoms in Taj!H[32,33]. The strong similarity 
of the internal friction curves of Kofstad and 
Butera to those of the present work suggests 



Fig. 12. Room temperature values of the sample length. Logarithmic decrement and Young's 
modulus of Nb doped with hydrogen before and after low temperature aging. 
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that a similar phase may be present in the two 
cases. 

In Fig* 12 are summarized the effects of 
dissolved hydrogen upon the sample length, 
logarithmic decrement, and Young’s modulus 
at room temperature as a function of hydrogen 
concentration. The length (bottom plot) and 
decrement (top plot) data were obtained 
prior and after low temperature cycling. Two 
sets of data are shown for the modulus- 
crosses (X) indicate the values obtained at 
300°K prior to any cooling of the sample, and 
solid points (•) give the values at the same 
temperature after full low temperature aging. 
There are two items of particular interest in 
these results. It is clear from the decrement 
data that the initial value of the decrement is 
large when the hydrogen concentration is 
sufficiently large so that the hydride phase is 
present at room temperature. This result is 
consistent with the temperature-cycled data 
presented earlier which resulted in the forma¬ 
tion of the ‘precipitation’ peak. Secondly, it 
is interesting to compare the variations in 
length and modulus change in this concentra¬ 
tion range. The variation in length is linear 
(within an experimental accuracy of ±0 01 
cm) across the concentration range investiga¬ 
ted and can be described by the relation 

y = 6x 10- 4 per at.% H. 

in which / is the sample length. This coefficient 
is about the average of those found by Walter 
and Chandler [18] and Albrecht, et al. [34]. 
On the other hand, the change in modulus is 
neither linear in concentration across this 
range nor is it describable by the same coeffi¬ 
cient as the length change. It is apparent that 
the modulus is lower when the hydride is 
present than it would have been had the 
hydrogen been retained in solution. From the 
before-cooling modulus data and for con¬ 
centrations up to 2 at.%, the modulus coeffi¬ 
cient is 

1-5 x 10- 2 per at.% H. 


It is surprising to find this coefficient so much 
larger than that obtained from the length 
change measurements. Although no explana¬ 
tion can be offered with any certainty at this 
time, the comparison may suggest that the 
contribution of the hydrogen to the modulus 
change is principally electronic [35]. 

5. SUMMARY AND CONCLUSIONS 

The Young’s modulus and logarithmic 
decrement of a niobium single crystal have 
been measured as a function of hydrogen con¬ 
centration over a temperature range from 
20 to 370°K. It has been found that: 

(1) An internal friction maximum is created 
by the formation of hydrides. This maximum 
is thermally activated and is characterized 
by an activation energy of about 0-27 eV. 

(2) A comparison of the present results 
with those of Westlake [19] (resistivity) and 
Longson[20] (embrittlement) suggests that all 
these property changes are due to the forma¬ 
tion of the hydride. These three experiments 
yield a heat of solution of about 012 eV. 
Whether the hydride formation per se or 
some consequence of it (such as punched-out 
dislocations around the hydride) is responsible 
for the property changes is not known at the 
present time. 

(3) The fractional change in the modulus of 
the doped crystal per atom percent of hydro¬ 
gen is about 25 times greater than the corres¬ 
ponding change in length coefficient. 
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F. F. HUBBLE, JOAN M. GULICK and W. G. MOULTON 

Florida State University, Tallahassee, Florida 32306, U.S.A. 

(Received 12 January 1971) 

Abstract-Tungsten fluoroxide bronzes are compounds of the general formula M x W0 3 _ t F„ where for 
this investigation M is an alkali metal and z ~ x. These compounds form dark blue or black hexagonal 
crystals for 0*08 < x < 0-30, It has recently been demonstrated that Li dissolves in this crystal matrix 
to give compounds of the formula M T Li w WO.^ z F x . where z~ x + y for this investigation. We have 
performed magnetization experiments on 24 of the above compounds which show they are super¬ 
conductors with transition temperatures generally between 0 8 and 4-5K. The transition temperatures, 
T r , upper critical fields, H cZ < and magnetization curves have been measured for powder samples using 
the alkali metals K, Rb, and Cs, and empirical relationships between x and y and T r and H r2 have been 
established. The Abrikosov-Ginzburg and Gorkov relations between H cl and t provide a good fit 
to the Rb and Cs data respectively. 


1. INTRODUCTION 

The tungsten bronzes are nonstoichiometric 
compounds of the general formula M^WOs 
where M is a metal, usually an alkali metal. 
For K, Rb and Cs and 0-27 ^ 0-32 these 

compounds form hexagonal dark blue or 
black crystals in which the alkali metal is 
an interstitial dopant and lies in the open 
hexagonal channels [1). The theoretical upper 
limit for jc is 0-33. 

Superconductivity was first observed in a 
tetragonal sodium bronze by Raub et ai[2] 
Sweedler et al.[ 3] subsequently investigated 
the superconducting transition temperature in 
a series of Na, K, Rb, and Cs bronzes. All 
samples having either the tetragonal I (a = 
12-1 A, c = 3*75A) or hexagonal symmetry 
were found to be superconducting with transi¬ 
tion temperatures ranging from 0*50 to 1 *98 K. 
Remeika et al.[ 4] were able to raise the transi¬ 
tion temperature of some of the hexagonal 
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bronzes to above 6 K by leaching out some of 
the alkali metal while maintaining the hexa¬ 
gonal structure. The transition temperature is 
an inverse function of alkali metal content 
over the range studied. 

Gulick and Sienko have substituted fluorine 
for some of the oxygen in the bronzes to yield 
compounds of the formula Kj.WO 3 _j.Fj. [5]. 
These compounds exhibit the hexagonal struc¬ 
ture down to x — 0*09 and it is thus possible to 
investigate the dependence of the super¬ 
conducting transition temperature on alkali 
metal concentration or conducting electron 
concentration over a wider range than possible 
with the nonfluorinated bronzes. 

Recently Li has been found to readily 
dissolve in the hexagonal phase of K x W0 3 , 
and it has been proposed that the Li atoms 
occupy sites at the centers of polyhedra 
defined by triangles formed by 
sharing WO s octahedra. The gena^ 
for such a solution is M x Li y W0 3 WWfwM 
etical upper limit on y of 0*66 [ 6 ]. We have used 
K, Rb, and Cs and made compounds with 
the nominal composition Mj.WO 3 _j.Fj. and 
Mj,Li v W 0 3 ^j,_ v F x + v and have investigated 
some of their superconducting properties. 

2345 


States Government authorized to reproduce and distri¬ 
bute reprints for Governmental purposes notwithstand¬ 
ing any copyright notation hereon. 



2346 


F. F. HUBBLE, JOAN M. GULICK and W. G. MOULTON 


2. EXPERIMENTAL 


Proper proportions of W, W0 3 , and MF to 
yield compounds of the formula Mj.WO 3 _j.Fj., 
where M is the appropriate alkali metal, were 
ground together in a porcelain mortar. For the 
Li doped fluoroxide bronzes LiF was added 
to the above mixture to give compounds of the 
formula M^Li^WCV^F.^*. Alfa Inorganics 
standard reagent grade laboratory chemicals 
were used throughout, except for LiF which 
was ‘ultrapure’. 

The mixtures were placed in platinum tubes 
which were sealed by crimping the ends. The 
tubes were heated in a furnace from room 
temperatures to 800°C in l£hr, held at 800°C 
for 24 hr, then heated to 1000°C, and held for 
72 hr. The samples cooled to room tempera¬ 
ture in 3 hr in the open furnace. 

Powder diffraction patterns of the com¬ 
pounds were obtained with a Debye-Scherrer 
powder camera using Ni-filtered copper Ka 
radiation. The X-ray patterns were assigned 
with a good degree of success to a hexagonal 
unit cell plus a tetragonal unit cell. A few low 
intensity lines at low angles could not be 
assigned. The Rb and Cs series X-rays showed 
no tetragonal lines for 0-125 and only a 
few weak tetragonal lines for x > 0*08. The 
x = 0 08 samples however had much stronger 
tetragonal lines and efforts to make hexagonal 
samples for * < 0*08 produced only the tetra¬ 
gonal phase or only a small portion of the 
sample in the hexagonal phase. It has been 
reported that x = 0 * 13 is the lower limit for the 
hexagonal phase of the alkali metal bronzes 
(MjWOsUb] however, the hexagonal fluorox¬ 
ide Rb and Cs bronzes (M^WO^Fj.) appear 
to be stabilized to metal concentration as low 
as x *** 0*09. 


The X-ray patterns of the K bronzes showed 
no tetragonal phase only for jc = 0-30. For 
0*08 *£ x 0*125 the patterns show a set of 
tetragonal lines of intensity comparable to the 
hexagonal set. Thus for K, the substitution of 
fluorine for some of the oxygen atoms does 
not stabilize the hexagonal phase for x ^ 013 
a$ it does for the Rb and Cs bronzes. 


The X-ray films of the Rb- and Cs-Li doped 
bronzes (M x Li v W0 3 _ x _,,F x+l/ ) for 0*00 ss y ^ 
0*10 showed a few low intensity tetragonal 
lines indicating a small admixture of the tetra¬ 
gonal phase. The K-Li doped samples how¬ 
ever yielded X-ray patterns with more intense 
and a more complete set of tetragonal lines. 
Attempts to make the hexagonal Li doped 
bronzes with y > 0-10 were unsuccessful due 
to the appearance of a red substance and grey 
clumps mixed in appreciable amounts with the 
lustrous blue-black hexagonal crystals. 

The dependence of the superconducting 
transition temperature, T c and the upper 
critical field, W r2 , was measured with a stable 
high frequency (800 KHz) oscillatorf7]. The 
sample in a 2 ml. vial serves as the core of a 
coil whose inductance determines the frequen¬ 
cy of the oscillator. The inductance of the coil 
is proportional to the volume within the coil 
available for magnetic flux occupation, and 
upon the onset of superconductivity the flux is 
excluded from the sample due to the Meissner 
effect, thus changing the coil inductance and 
the frequency of the oscillator. The coil and 
sample were located at the end of a long (127 
cm) probe in a helium magnet dewar, such that 
both coil and sample were submerged in the 
liquid helium. The superconducting transition 
temperature was determined by the tempera¬ 
ture dependence of the oscillator frequency, 
and the percentage of the sample becoming 
superconducting was determined by the 
magnitude of the frequency shift. The upper 
critical field was measured by observing the 
oscillator frequency as a function of an applied 
magnetic field produced by a Magnion stan¬ 
dard laboratory magnet, ahd the fields were 
measured with a rotating coil gaussmeter. The 
frequencies were measured with a Hewlett- 
Packard 5245L frequency counter fed to a 
digital to analogue converter and the output 
displayed on an x-y recorder. For the measure¬ 
ments in a magnetic field, the output of the 
rotating coil gaussmeter was fed to the T-axis 
of the recorder giving a direct frequency shift 
vs. field plot. 
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Temperature was measured with a ger¬ 
manium resistance thermometer calibrated to 
±001 K. 

3. DISCUSSION 

The dependence of the superconducting 
transition temperature on alkali metal concen¬ 
tration is shown in Figs. I and 2, and in Table 
1 . The transitions in general are quite broad, 
of the order of 0-5-1 -0 K. Much of this transi¬ 
tion breadth can be accounted for by the 
temperature dependence of the penetration 
depth 

\ = Ml-f 4 )-‘' 2 . (l) 

The samples are powders and have a large 


surface area, and a small change in the pene¬ 
tration depth causes an appreciable change in 
the frequency of the oscillator making the 
transition broader on the low side of the transi¬ 
tion temperature. The transition on the high 
temperature side is much sharper and the 
rounding here is due primarily to sample 
inhomogeneity, strains in the crystal, and 
impurities. The transitions were all measured 
by decreasing the temperature of the helium 
bath by pumping and observing the frequency 
shift of the oscillator. A check for hysteresis 
in T c for several samples was made by travers¬ 
ing the transition via increasing temperature 
and no hysteresis was observed within experi¬ 
mental limits. 



Fig. 1. T c vs. alkali metal concentration, x. 



Fig. 2. T c vs. Li concentration, y with constant x = 0-10. 
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Table 1. 


Sample 

T e 

H„(0) 

% of Sample 
superconducting 

K 

008 

1*9 



K 

0-10 

2*1 



K 

0*125 

2*1 



K 

015 

1*7 



K 

0*20 

1*4 



K 

0*30 

0*8±0*2 



Rb 

0*08 

3*7 

8*0 

50 

Rb 

010 

3*6 

9*4 

100 

Rb 

015 

2*9 

9*0 

80 

Rb 

018 

2*1 

5*9 

60 

Rb 

0*30 

0*9±0*2 



Cs 

008 

4-5 

9*0 

75 

Cs 

010 

4*4 

8*5 

100 

Cs 

0125 

4*2 

7*7 

100 

Cs 

015 

3*5 

8*2 

100 

Cs 

0-20 

2*4 

7*0 

100 

Cs 

0*30 

1*4 

4*0 



It has been established that each alkali 
metal atom, including Li, contributes one 
electron to an otherwise empty conduction 
band in the W0 3 matrix, and studies by Gulick 
and Sienko indicate that fluorine substitution 
has the effect of adding one conduction elec¬ 
tron per fluorine[5], The transition tempera¬ 
tures of the two series studied decrease with 
increasing electron concentration, and elec¬ 
trons contributed by the Li and the Rb and Cs 
atoms appear to be equally effective in lower¬ 
ing T c . 

The magnetization of the samples was 
computed from the oscillator frequency 
dependence on increasing magnetic field. 
The frequency of the oscillator is given by 


where K is a constant. Substituting into 2 and 
solving for V(H) yields 


V(H)-V+ 


2-291 x 10 8 
Kv' z (H) # 


(4) 


The magnetization of the sample is given by 


Af = 


{B-H) 
4tt (1 — e ) 


(5) 


where e is the demagnetization factor and £, 
the average field inside the sample, is depen¬ 
dent on //, the applied field, and is given by 


B = pH 


( 6 ) 


v(H) = 1 *517 x 10 4 Zr I/2 ±0-05% (2) 

where v{H) is in hertz and L is in henries. 
The inductance is proportional to the volume 
in the coil available for flux occupation, and 
this volume may be divided into that occupied 
by the sample, V(H ). and that outside the 
sample, V 


where 


V(0 )-V(H) 
p V(0 )-v{H ct y 


0 ) 


Inserting 4, 6 , and 7 into 5 we get 


M = 


4tt (1 t) [p 2 (H)(p*(H c *)-i> 2 (0))Y w 


L = K(V+V(H)) 


(3) 


The samples consisted of hexagonal crys- 
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tals, irregularly shaped and broken crystals, 
and clumps of crystals and therefore it was 
impossible to determine the lower critical 
field, H C i* from the magnetization data since 
the demagnetization factor could not be calcul¬ 
ated. The upper field is shape independent and 
was measured from the magnetization curves 
[ 8 ]. Before each magnetization measurement 
the sample temperature was raised above the 
transition temperature and then brought to 
thermal equilibrium in a field not greater than 
3 G to eliminate hysteresis. The field was 
swept from 0 G to well above H r * and back to 
-50 G at sweep rates of 100-400 G/min. 
Hysteresis was present in all samples, but in 
most cases its magnitude was small. 

The values of H C 2 shown in Table 1 were 
determined from the calculated magnetization 
curves. The Rb and the Li doped Rb fiuorox- 
ide bronze data (Fig. 3) followed closely the 
Abrikosov-Ginzburg relation [9] 

HMD = HM0) (9) 



Fig. 3. Reduced upper critical field, /i c2 (/) = H ci (t)[ 
^r 2 (0) vs. reduced temperature, t= T{T r for Rbj.Wos-j.F.r 
and Rb 0 . 1 Li 0 Wo 2 . 9 - v / : 'o j+y. 


which was used to calculate H c %( 0) for these 
compounds. The Cs and Li-doped Cs bronzes 
(Figs. 4 and 5) followed Gor’kov’s relation 

[ 10 ] 

r 

H ct {t) = H c ,(0) [ 1 - 1 *24f 2 + 0-28/ 4 -0-04r«] 

GO) 

and this formula was used to calculate H c %( 0) 
for these compounds. H c %{ 0 ) could not be 
found experimentally by extrapolating the 
H c *(t) data to t = 0 because in these experi¬ 
ments t was always greater than 0-3 and it was 
felt that the extrapolation could not yield 
accurate values. No attempt was made to 
measure H c *( 0 ) for the K bronzes due to 
their low transition temperatures. 

4. CONCLUSIONS 

The data thus far collected is obviously 
preliminary in nature. As in the bronzes which 
do not contain fluorine, T c is an inverse 
function of conduction electron concentra¬ 
tion. For those compounds which can be 



Fig. 4. /irtj(r) vs. t for C tx Wo^F* 
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Table 2. 




Sample 

T c 

HA 0) 

% of Sample 
superconducting 

K 

01 

Li 

002 

1-1 ±0-1 



Rb 

01 

Li 

002 

3-4 

6*9 

80 



Li 

005 

3*1 

5-7 

80 



Li 

010 

20 

4-3 

80 

C's 

01 

Li 

0-02 

4*0 

6-2 

100 



Li 

0 05 

3-3 

5*2 

60 



Li 

010 

21 

4*8 

80 



Fig. 5, h^it) vs. / for Li^Woa H v F n Uu . 


compared with previously published data, 
T c for the fluoride doped compounds is in all 
cases higher than for the nondoped compounds 
with the same nominal electron concentration. 
There appears to be no difference in the trend 
with respect to the use of LiF rather than.the 
other alkali fluorides as the source of conduc¬ 
tion electrons. 

In all of the samples studies here the hexa¬ 
gonal phase has been the predominant phase 


and it has been assumed that this is the super¬ 
conducting phase. However it is possible that 
the tetragonal phase is also superconducting 
with a transition temperature different from 
that of the hexagonal phase. If this were the 
case one would expect to observe a broadened 
transition when the T r *s were only slightly 
different. 

Experiments are now in progress to measure 
T x in both the superconducting and normal 
states. Elemental analysis and reducing power 
determinations will be carried out on all 
samples when these are completed, and further 
correlations may be possible at that time. 


REFERENCES 

1. MAGNELI A., Acta chem. scand. 7,315 (1953). 

2. RAUB CH. J .SWEEDLFR A R JENSEN M. A., 
BROADSTON S. and MATTHIAS Br T., Phys, 
Lett. 13,746(1964). 

3. SWEEDLER A. R.. RAUB C J. and MATTHIAS 
B. T.sPhys. Lett. 15. 108(1965). 

4. REMEIKA J P.. GEBALLE T. H.. MATTHIAS 
B. T., COOPER A. S.. HALL G. W. and KELLEY 
E. M.. Phvs. Lett. 24A, 565 (1967). 

5. GULICK J. C. and SIENKO M. J., J. Solid State 
Chem. 1, 195(1970). 

6. BANKS E. and GOLDSTEIN A., Inorg. Chem. 7, 
966(1968). 

7. SCH AWLOW A. L. and DEVLIN G. E., Phys. Rev , 
H3. 120(1959). 

8. LYNTON E. A., Superconductivity, Chapter 3 John 
Wiley, New York (1962). 

9. TINKH AM M.. Phvs. Rev. 129, 2413 (1963). 

10. GORKOV L. P. and EKSPERIM Z. H., i the or . 
Fiz. 37. 835 (1959). [English Translation: Soviet 
Phys. JETP 10, 593 (I960).] 







j. Phys. Chem. Solids , 1971, Vol. 32, pp. 2351-2356, Peigamon Press. Printed in Great Britain 


ELASTIC MODULI OF THULIUM AND YTTERBIUM 

FROM 4-2 TO 300°K 

M. ROSEN 
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Abstract—The longitudinal and transverse acoustic velocities of high-purity polycrystalline thulium 
and ytterbium have been measured by a pulse technique at a frequency of 10 MHz between 4*2 and 
300 d K. The variation with temperature of the Young moduli £, shear moduli G, adiabatic compres¬ 
sibilities K s > and Debye temperature d„ have been determined. The anomalies in the elastic properties 
observed in thulium were correlated with the magnetic changes known to occur in this metal at low 
temperatures. The shape of the compressibility curve suggests that the transition from the antiferro¬ 
magnetic to the ferromagnetic state in thulium is a gradual process, extending over a temperature 
interval. No anomalies were observed in the elastic properties of the nonmagnetic ytterbium. The 
limiting values of the Debye temperatures (at 0°K) of thulium and ytterbium are 200 and 117*5°K, 
respectively. 


1. INTRODUCTION 

The low-temperature behavior of the 
heavy’ rare-earth metals, from gadolinium to 
lutetium, has extensively been investigated 
from both theoretical 11] and experimental [2] 
standpoints. Most of these metals display 
complex magnetic spin structures with strong 
dependence on temperature. The magnetic 
contribution to the total energy in the vicinity 
of the transition points generally affects the 
elastic moduli since they are the second 
derivatives of the thermodynamic potential of 
the lattice with respect to strain. 

The present paper is concerned with the 
temperature dependence of the elastic moduli, 
adiabatic compressibility, and Debye tempera* 
ture of polycrystalline thulium and ytterbium. 
The elastic properties of the other ‘heavy’ 
rare-earth metals in polycrystalline form 
(gadolinium, terbium dysprosium, holmium 
and erbium) have previously been reported in 
detail [3], The elasticity and anelasticity of the 
‘light’ rare-earth metals, with the exception of 
lanthanum, have also been presented in a 
series of papers [4-6], 


2. EXPERIMENTAL DETAILS 

The high-purity (99*9%) polycrystalline 
specimens, supplied by Leytess Metal and 
Chemical Corp., New York, were in the form 
of flat disks 6 mm in dia. by about 5 mm thick. 
The specimens were hand-lapped to a paral¬ 
lelism of faces of better than 2 parts in 10 4 . 
The thickness of the disks was measured by 
means of a calibrated indicator stand to within 
5x]0 _4 mm. Room temperature densities 
(Table 1) were determined to ±0 003 gem -3 
by a fluid-displacement method using mono- 
bromobenzene. The temperature variation of 
the acoustical path lengths of the specimens 
was calculated by using the average coeffi¬ 
cients of thermal expansion given by 
Gschneidner[7] and listed in Table 1. 

The elastic moduli, adiabatic compressi¬ 
bilities and Debye temperatures were deter¬ 
mined from the experimentally measured 
longitudinal and transverse sound-velocities. 
An ultrasonic pulse technique was employed 
at a frequency of 10 MHz. Experimental 
details and method of data analysis were 
described elsewhere [3], The estimated error 

i 
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Table 1. Average room-temperature densities and thermal 
expansion coefficients of the specimens 




Average linear coefficient of 


Density 

thermal expansion 

Element 

(g cm 3 ) 


Tm 

9-288 

13*3 x |(T* 

Vb 

6-991 

24-96 x \0~* 


in the absolute values of the elastic moduli is 
0*4 per cent. The relative, point to point, 
precision is better by a factor of 4. 

3. RESULTS AND DISCUSSION 
3.1 Thulium 

Neutron diffraction measurements [8] indi¬ 
cate that thulium is paramagnetic above 56°K 
and sinusoidally-modulated antiferromagnetic 
between 56 and 38°K, Below 38°K the metal 
has a ferrimagnetic-type antiphase domain 
structure with a net moment parallel to the 
hexagonal c axis. In the ferromagnetic region, 
below 22°K, the magnetic layers are parallel to 
the c axis. The structure is in the form of 4 
layers with spins up followed by three layers 
with spins down. Magnetization data[9,10] 
are in qualitative agreement with neutron 
diffraction measurements. The transition point 
from the paramagnetic to antiferromagnetic 
state, at about 56°K, is clearly displayed in 
various transport properties! 11-14J, as well 
as in the temperature dependence of the 
specific heat [15]. However, no unusual 
behavior was observed at the ferromagnetic 
transition point, in the vicinity of 22°K. 

The temperature variation of the Young (£) 
and shear (G) moduli of polycrystalline thul¬ 
ium is shown in Fig. 1. With decreasing 
temperature, from the ambient down to about 
200°K, both moduli increase in the normal 
manner. Below this temperature E and G 
exhibit a very small temperature dependence 
followed by a minimum at T N (55°K). With 
decreasing temperature, in the antiferro¬ 
magnetic region, the elastic moduli of poly¬ 
crystalline thulium increase abruptly by 5 per 


cent of their values over a rather limited tem¬ 
perature interval of about 20°K. The sharp 
increase of the moduli with decreasing tem¬ 
perature is halted at about 35°K where the 
sinusoidally modulated antiferromagnetic 
structure changes to the ferrimagnetic-type 
structure [8]. 

The ferromagnetic transition point is not 
clearly displayed in the temperature variation 
of the elastic moduli, Fig. 1. However, a 
shallow minimum, followed by a well-defined 
dip were observed at 25 and 13°K, respec¬ 
tively, But neither of these two temperatures 
coincides with the Curie point of 22°K, as 
determined from neutron dilfraction data [8]. 

The temperature dependence of the adia¬ 
batic compressibility K s , of thulium is shown 
in Fig. 2. The normal decrease of the com¬ 
pressibility with decreasing temperature, in 
the range between 300 and 200°K, is followed 
by a shallow change, and subsequently by a 
sharp maximum at the Neel temperature 
(55°K). At lower temperatures the behavior of 
the adiabatic compressibility is consistent with 
that of the elastic moduli, displaying two 
maxima at 25 and 13°K. The shape of the 
broad maximum in the compressibility, 
peaked at 25°K would suggest that the transi¬ 
tion from the antiferromagnetic to the ferro¬ 
magnetic state in thulium is not a usual 
second-order type cooperative phenomenon. 
It appears that the low-temperature transition 
in thulium has a gradual character and extends 
over a wide temperature range. This is appar¬ 
ently the reason why the Curie point of thul¬ 
ium is indiscernible in various transport 
properties of this metal [10-14]. 
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Fig. 1. Temperature variation of the Young (£) and shear (O’) moduli of 
polycrystalline thulium. 
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The temperature dependence of the Debye 
temperature, 0 o , is shown in Fig. 2. It is very 
similar to the variation of the elastic moduli, 
Fig. 1. The limiting value of 0,» extrapolated 
to 0°K, is 200°K. This value is significantly 
higher than 167°K obtained from specific heat 
measurements [15]. 

3.2 Ytterbium 

Ytterbium metal is different from the other 
rare-earths in several respects. Contrary to 
the other metals of the series which have an 
h.c.p. structure at room temperature, ytter¬ 
bium (and also europium) is f.c.c. Further¬ 
more, ytterbium is divalent in contrast to most 
rare-earth metals whose properties in the 
metallic state can be explained in terms of a 
trivalent model for the ion cores. The 4/ shell 
in ytterbium is full, leaving only two electrons 
for conduction processes. Therefore, the 
physical properties of this metal are markedly 


different from the other rare-earths. Lock [16] 
found that ytterbium metal is paramagnetic 
with a Curie constant of 56 x 10“® e.m.u. g -1 . 
But recent magnetization data [17] suggest 
that very pure ytterbium may be diamagnetic. 
Magnetoresistance measurements [18] show 
that ytterbium is a compensated metal with a 
closed Fermi surface. No low-temperature 
anomalies were observed in the electrical 
resistivity[19,20], thermoelectric power[12], 
and specific heat measurements. The density 
of ytterbium is much lower than that of its 
neighbor thulium. Table 1. 

The Young ( E) and shear (G) moduli of 
polycrystalline ytterbium are shown in Fig. 3. 
The absolute values of the moduli of this 
metal are significantly lower compared with 
those of thulium. The temperature variation of 
the elastic moduli of ytterbium, Fig. 3, is 
smooth and well-behaved as would be ex¬ 
pected from a metal that does not possess any 
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Fig. 3. Temperature variation of the Young (E) and shear (C) moduli of 
polycrystalline ytterbium. 
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Fig. 4. Temperature variation of the adiabatic compressibility (A\) and the 
Debye temperature (0 O ) of polycrystalline ytterbium. 


magnetic transitions at low temperatures. The temperature dependence of 0 D , as displayed in 
compressibility of ytterbium is rather high. Fig. 4, does not exhibit the reported[21] 
therefore it is not surprising that the elastic minimum at 14°K, as was calculated from heat 
moduli E and G increase by about 8 per cent capacity data, 
with decreasing temperature from the ambient 
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batic compressibility, K s , of ytterbium is 
shown in Fig. 4. From the ambient down to 
about 100°K, K s decreases smoothly, then 
levels off with decreasing temperature. 
According to the third law of thermodynamics, 
the compressibility should meet with zero 
temperature. However, the reason for the 
slight increase in K s (Fig. 4) at temperature 
below 80°K is not clear. 

The limiting Debye temperature, extra¬ 
polated to 0°K, is 117-5°K, Fig. 4. This value 
is in good agreement with 118°K as deter¬ 
mined from low-temperature specific heat 
measurements[21]. It should be noted that the 
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LATTICE-ION INTERACTIONS OF Fe 2+ ION IN A 
TETRAHEDRAL ENVIRONMENT 
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Abstract-The theoretical expressions for magnetic susceptibility of Fe 2+ ion in a tetrahedral environ¬ 
ment have been derived on the basis of the more general molecular orbital method of Van Vleck, 
Stevens and Bose et a/., considering quantum-mechanical tunneling which links the equivalent 
vibronic states of the Jahn-Teller ions. Attempts have been made to fit the experimental results of 
optical absorption, and magnetic susceptibility with a unique set of values of parameters in the 
theoretical expressions at all temperatures. From this an estimate of the parameters which describe 
the Jahn-Teller potential is made. 


1. INTRODUCTION 

Iron (II) forms a series of isomorphous co¬ 
ordination compounds having the general 
formula R 2 FeX 4 , where X is a halide or pseu¬ 
dohalide and R is of the quaternary ammon¬ 
ium or phosphonium type radical 11,2], X-ray 
studies [3] of the series of isomorphous organo- 
metallic halides of Ni 1M and Fe 2+ indicate that 
the 3 d ions in all these compounds are tetra- 
hedrally coordinated. The absorption spec¬ 
trum of the Fe 2+ tetrahedral complex [FeCl 4 ] 2 ~ 
consists of only one ligand field band with a 
maximum in the region around 4000 cm" 1 
[2,4], Such a band is undoubtedly due to the 
5 £ —> 5 T 2 transition originated from the split¬ 
ting of the free-ion ground term (3c/ 6 , 5 D) under 
a ligand field of symmetry T d . The Mossbauer 
spectra studies [5] on tetrahedral Fe 24 ion 
have however indicated the presence of a 
small distortion from the cubic tetrahedral 
symmetry. A reduction of symmetry (T d 
c 3{ ,) of the ligand field causing a further split¬ 
ting of the orbital triplet 5 T 2 into A x + E ap¬ 
pears from the i.r. studies 16]. The ground state 
orbital doublet ( 5 E), however, remains 
unsplit under this field of lower symmetry. 
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The present work deals with the theory of 
magnetic susceptibility and anisotropy of the 
tetrahedral unit [FeClJ 2- present in the com¬ 
plex R 2 FeX 4 , taking into consideration the 
covalency overlap of the central paramagnetic 
ion with the ligands as well as the quantum- 
mechanical tunneling between the three vibra- 
tionally coupled equivalent asymmetric con¬ 
figurations. Attempts have been made to fit 
the theory with the experimental results 
(1,5,7, 8] measured at different temperatures, 
consistent with the available optical data 
[2,4,5]. Finally, in fitting the magnetic and 
optical data, we estimate the lattice-ion 
coupling parameter for the tetrahedral com¬ 
plex. 


2. THEORY 

High-spin tetrahedral Fe 2+ ions can be 
considered as systems originally consisting of 
four-unpaired electrons or holes having the 
electronic configuration 3 d**D with several 
states 5 E, 3 7V, 3 £, 5 T 2 (in order of energy) 
arising out of [f 2 ® . e 3 ], and [f 2 4 . e 2 ] configura¬ 
tions under the cubic field. The determinantal 
wave functions for the ground doublet S E 
state and the excited triplet 5 T Z state can be 
written as [9] 


2*57 
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[h 3 . e 3 ] :| 5 E<> = |- (yz) ( xz ) ( xy ) (z 2 ) 
x (x 2 —y 2 )(x 2 — y*)|, 

1 5 E«) = | ( yz) (xz) (xy) (z 2 ) (z 2 ) (x 2 — y 2 ) |, 

W-e 2 Y 

l 5 ^) - \ (yz)(yz)(xz)(xy)(z 2 )(x 2 — y*)|, 
| 5 7 ' 2 t)> = |-(yz)(Arz)(jfz)(jry)(z 2 )U 2 -y 2 )|, 
ITaf) = | (yz) (xz) (xy) (xy) (z 2 ) (x 2 — v 2 ) |. 

( 1 ) 


which are inclusive of the overlap of the 
surrounding s- and p- orbitals with the central 
metal i/-orbitals as given by [10]: 


(yz) = N 


dyz + t ( cr, + <r :l — cr., — cr,) 


4- 2 {(+ nx -2 — rrx, — ttx a ) 

+ V3( rry 1 + tt \\, — 7ry, — iry.,)} 
(xz) = N^djrz + ^ (cr, + cr 2 — cr.,— cr,) 

+ ^ { ( 7T.V, + 7T.Vj — 7r.V;| — 7TX a ) } . 


(xy) = N f dxy + ^ ((r, + <r, - cr,,-cr,) 


+ - { ( 7TX.-I + TTX-, ~ 1T.V, — TTX,) 

+ y/T( 7ry, + iry 4 — ny, — tty : , )} 


(x 2 — y 2 ) = N' dj-i-yi + ^j- (( 7T.v, + 7 ry 2 + ny-j 


+ 7ry 4 ) + V3(7rx, + -rrx., 4- nx :< 


( z 2 ) = -r* 4 -^-{(irx, + irx 2 

4- nx 3 4- 7tjc 4 ) — V3 (Try, + iry 2 
-h7rv 3 -H7ry 4 )}j. 

The Afs are normalising constants and the 
X’s are the amount of admixture of the s - and 
p-orbitals with the rf-orbitals. 

3. JAHN-TELLER PROBLEM 
The system we wish to consider thus con¬ 
sists of a ground state orbital doublet 5 £ 
interacting with the vibrations of the ligands. 
We shall assume that this interaction is linear 
in displacements of the ligands relative to the 
Fe J * ion. It is convenient to choose these 
displacements to transform according to 
irreducible representations of the cubic group. 
As [£ x E] svm = A] 4- E, it means that we 
need only retain the E modes ((? 2 * (?:*)♦ The 
symmetric mode A x produces no splitting and 
need not be considered in the interaction term 
responsible for distortion from cubic sym¬ 
metry. Thus the first-order vibronic Hamil¬ 
tonian! 1 1-13] is: 

^vib = + A ), (3) 

with 

4*0= 6 0 4 bfJ,(D 2 (Q 2 2 + Q *) +y- {p> 2 , 

(4) 

where /z and w are the effective mass and 
angular frequency of the vibrating tetrahe¬ 
dron; P 2 and E, are the momenta conjugate to 
Q> and Q A respectively. e 0 is the electronic 
energy in the degenerate symmetrical con¬ 
figuration; and A is a measure of the strength 
of electron lattice coupling. l/ 2 , and U :i are 
Hermitian electronic operators having matrix 
elements between the states | 5 E*), | 5 E e ). and 
defined by Ham [ 13] as 
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If the nuclei are regarded as ‘fixed’ on the 
lower-branch of the potential surface, the 
electronic eigenstate of the potential-energy 
operator in equations (3) and (4) has the form 

Electronic = | 5 £#> COS fa ~ |*£«) sin i if). (6) 

where the relations 

Qz = P sin <p, Qz = p cos <p, (7) 

are used. Now the vibronic Hamiltonian 
is to be solved. The vibronic eigenfunction for 
the complex may be written in the form of 
simple Bom-Oppeheimer product of the elec¬ 
tronic wave function and two-dimensional 
harmonic-oscillator wave functions. As the 
oscillator mean positions depend upon the 
electronic functions, it is necessary to label 
the vibrational wave function as 

Xi = x(P”P«)x(^->/3), (8) 

where / = jc, y, z\ j = 2, 4, 0, and p 0 = \A\I 
l±ar. The total vibronic zero order wave func¬ 
tions describing the decoupled stable equi- 
brium states are 

= ^ xXx , (pin = ^ vXw , (p^> = ^ tXz , (9) 

where \jj s Xs is the vibronic wave function for 
the valley corresponding to distortion in the 
x-direction, t/z^Xv and i p z x z correspond to 
distortion in the y- and Zr directions, respec¬ 
tively. It is evident that three vibrational 
functions of y? are not strictly orthogonal, and 
a small but finite overlap integral y between 
different functions exists. The three vibronic 
wave functions in equation (9) of equal energy 
are also coupled together by the off-diagonal 
matrix elements 

= ( 10 ) 

The perturbation Hamiltonian in equation 


(10) is given by 

^n=^ ( JV + /Y). (ID 

We now consider overlap between pairs of 
wave functions and symmetrize them. The 
result is; 
a singlet 

= (3 + 3y)- ll2 (& X) + <t> m + <& Z) ), 
at 

E h = 2f; 

and a doublet 

%= (6-6y)- 1/2 (20 (Z) -^-(h (V * ) ), (12) 
^ e = (2 — 2y)~ l/2 (d> m — 4> {V) )« 

at 

E e = E ( = -\\ 

The energy difference 3F is the tunne! splitting. 
T is taken to be positive, so that the ‘sym¬ 
metric’ singlet state VA lies above the ‘anti¬ 
symmetric’ doublet state ty € . 

4. CALCULATION OF SUSCEPTIBILITY 
For magnetic susceptibility we consider the 
perturbation Hamiltonian as: 

;r = . S+ j3H( *L ■+ 2S), (13) 

where x#’s and R f 's are the orbital reduction 
and the .v-O coupling reduction factors, 
respectively, arising from the overlap of id 
charge clouds of Fe 24 ion with the s - p-charge 
clouds of the ligands [14], £ is the s-O coupling 
parameter of the free ion. The first term ( 5-0 
coupling term) in the above equation is large 
compared with the second term (Zeeman 
term), but has no effect within the ground 
manifold. To include the effect of £-0 coupl¬ 
ing (as the s-O interaction admixes some trip¬ 
let wave functions to the ground wave func- 
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tions), we correct our orbitals as: 

\ h E»M'.) - | 5 £«M,> - 2 . Sl 5 ^,) o-, 

O’ 

(14) 

|*£,A/;> = | s £«A/,)-2 a<(o-|L.S| 5 £ e ^.>o-. 

<7 

where Af, refers to the azimuthal spin quan¬ 
tum number and cr denotes the components of 
the excited 5 r 2 state; a { (= £/?,/10D<?) is a 
measure of the 5-0 mixing into the 5 £ term of 
the b T 2 term with a separation 10 Dq between 
them. In our construction of the corrected 
orbitals we disregard the small trigonal sep¬ 
aration in comparison to the cubic field sep¬ 
aration, 1 ODq. 

Finally, the magnetic susceptibility up to 
second order is determined by [ 15] 

Kj — 

2 exp {-E,rikT) 

- 

2 exp (-E n m /kT) 

n 

(15) 

(/ = || or 1) 

where N is the Avogardro number and k the 
Boltzmann constant; E®,, f m are the first- 
and second-order Zeeman energy terms 
respectively; these two terms are obtained by 
the application of the Zeeman operator 

Z 1 = /3(x i L+2S), (i- ||or 1). (16) 

Performing the outlined calculations up to 
second order, one finally obtains the expres¬ 
sions for the principal #/n-ionic magnetic 
susceptibility as; 

= ‘w[t{ g ' j+g ' j+ G ‘ ljexp (l-T')} 

+ 2A|G2j + Gy + Giexp^-^-j|l, (17) 
(/ = || or 1, j = zorx). 


where 

w= 10-1-5exp (—3r IkT); (18) 

and 

Gf* = 2 {IWIzW) |*+|(^ # 1 |zi,|%1)| !! } 

= 10(2- 2a,, Xu - 4ya,|j:ii + 7/3y) 2 , 

Gt, = 2{|<^2|z,|^>|*+|<'? ( l| Z|l |^l>p} 

= 10(2-6a llX n + y) 2 , 

GC, = 2{|<^2| Zil |^2>| 2 + K^JkJ^DI 2 } 

= 10(2-4a llX i,-4/3y) 2 , 

2 2 
G*z = jp (Jo 2 4" ^i 2 ) > G|j = jp (^ 2 2 + a' 3 *) , 

G A = —2p(j 0 2 4-J| 2 +J 2 2 + ^:) 2 ); 

G?x = 2{|(%± 2|z i |'l',± 1) | 2 + \{*fi\ Zl \ 

X^^l)! 2 } = 10(2 —5aj.xx—9ya lX x 

+ 7/3y) 2 , 

Gl x =2{|(^ ( ±2|2 i |y £ ±l)| 2 +|^0| Zl | 
X^ e ±l)| 2 } = 10(2 — 3aj. X x — 3ya xX i 
+ y) 2 . 

G A . t « 2{|<^ ± 2|zx|^ ± 1) | 2 + K'MM 
X> K(±1)I 2 } “ 10(2 — 4ax X x + 8^ai X x 
— 8/3y); - (19) 

GL = 3^ (G,, 2 + G, 2 ), G e 2x = jp (G 2 2 + G 3 2 ), 

Gi r = ~{Uo i +U i i + G 2 2 + G 3 2 ); 

with 

i«=<^|z,i|^2) 

= V2 (4a,i Xu + 4y an Xu - fr) • 

= V2(2a uX( + 2yO|| X ii - y/3), 

** = W\zt\V A 2) 

= 2VSy = 2s 3 ={%l\z,\V A i)-, 
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C/.-Wl«i|V A ±l) 

= y=(3a 1 x 1 -3yaixi + y), (20) 

t/, = (^,±212^1^ + 1) 

= V2(axX± - ya±x±+ yl^) < 
t/ 2 =<^0|zj^±l> 

= (3aiXi-3yaj.Xx + y)- 
t/ 3 =<'l , e ±2|z i |^±l> = y=t/ 2 - 

Since each state in equation (12) is fivefold 
degenerate in spin the azimuthal spin quantum 
numbers ±2, ±1, 0 are associated to these 
states i.e. they become |%±2), |%±1) etc. 
in the equations (19) and (20). 

In performing the above calculations, 
terms involving y 2 , a? (i = || or 1) are dis¬ 
regarded as their contributions are very small. 

5. INTERPRETATION OF EXPERIMENTAL 
RESULTS 

The numerical results of our calculations 
are conveniently presented in terms of the 
effective magnetic moments P,, and P ± . The 
moments P { (/ = || or J_) are related to K { by 


The theoretical parameters appearing in the 
expression for magnetic susceptibilities and 
energy values of the ligand field levels (in 
optical spectra) are, the cubic field splitting 
parameter 10 Dq, the ‘Jahn-Teller energy' 
parameter A E JT (=^ 2 /2 /ao> 2 ), the tunnel split¬ 
ting parameter 3I\ the nuclear vibrational 
overlap integral y, the orbital reduction and 
the s-O coupling reduction factors xt> and Ri 
O’ = || or l) along and perpendicular to the 
principal axis of the complex. The cubic 
field energy separation is typically of the order 
of 4000 cm -1 in these compounds [2]. which 
is considerably lower than that found in 
octahedrally coordinated Fe 2+ complexes. 


In tetrahedral Fe 2+ complexes Jahn-Teller 
eflfects in the 5 E ground state turn out, 
however, to be weak. Values of Jahn-Teller 
energy parameter A E^ T were found [13] for the 
excited 5 T 2 state for tetrahedral Fe 2+ in cubic 
ZnS, CdTe, and MgAl 2 0 4 as -535, 255 and 
945 cm' 1 respectively. For the h E ground state 
it is much less. The magnitude of A E jr for the 
5 E ground state in the case of tetrahedral Fe 2+ 
complexes is readily furnished by the recent 
experimental data for the quadrupole split¬ 
ting [5]. For (NEt 4 ) 2 FeCLi the value of A E JT ** 
135 cm' 1 and for (NMe 4 ) 2 FeCl,, AE, r = 125 
cm -1 . The tunnel splitting parameter is esti¬ 
mated to be 8 cm' 1 [16]. 

Having fixed the values of the parameters 
10 Dq , A E jt and 3I\ the remaining parameters 
viz. Xi< Ri (i = || or 1) and y are then adjusted 
by trial so as to fit the experimental results 
as closely as possible. The parameters best 
suited to fit the theory with the experimental 
results are shown in Table 1. For the tetra¬ 
hedral complexes, the values of the reduction 
factors xii = 0*82, \± ** ^ii = Ri = 0*80 
give reasonable fit at all temperatures. The 
result indicates an appreciable anisotropic 
covalency overlap of the ligand charges with 
the charge cloud of the central metal atom. 
The orbital moment in a direction parallel to 
the principal axis is reduced by 18 per cent 
and s-o coupling coefficient by 20 per cent, 
due to covalency effect, from the free ion 
value, while in the perpendicular direction 
they are reduced by 20 per cent. In fitting the 
experimental results for different tempera¬ 
tures, 10 Dq, A Ej T , 3I\ x,, R t (i = || or 1) are 
assumed to remain invariant with tempera¬ 
ture. The parameter that is most likely to vary 
is y, and we make use of the fact, that y de¬ 
creases with temperature. 

6. CONCLUSION 

Using the harmonic approximation y = 
exp (— 3AE 7r /2/uo), and A E JT = 125 cm' 1 , 
y = 0*35 we can estimate the angular fre¬ 
quency of the vibrating tetrahedron <o 288 
cm' 1 at 343°K. The variation of the overlap y 
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Table 1 


Ligand field parameters and mean moments for fe 2 ^ tetrahedral complexes 
\fSDq — 4000 cm 1 X» = 0*82. *± = 080 



&Ejt 

3r = 

125 cm 1 [for (NMe^j;FeCI 4 ] 
135 cnr 1 [for (NEDuFeCIJ 

8 cnr 1 

iTx ^ 

il II 

R L 0*80 

—104 cm(free ion value). 


(NMe 

^FeCI* complex 

(NEt 4 ) 2 FeCl 4 complex 

Temp. 

°K 

y 

Pr 

Temp. 

°K 

y 


(theoretical) experimental 

theoretical 

experimental 

343 

0-35 

2916 29-16 

300 

0-33 

28-92 

28*92 

195 

0-30 

28*60 28 84 

200 

0-29 

28-67 

28*64 

100 

0-20 

28*20 28-25 

150 

0-25 

28-60 

28-59 

4 

0*009 

15*26 15*17 

100 

0*20 

28*47 

28*50 


with temperature indicates the possibility of 
variation of the Jahn-Teller energy with tem¬ 
perature. As A£’ /r = A' l l2(iu) 1 , the lattice-ion 
Coupling parameter A. also changes with 
temperature. This parameter may also be 
evaluated using crystal field theory and is 
found to have the value 


7 b- 


(r> 

25 <y<>] 

b 2 

9 b 4 . 


(23) 


Change in the value of b , the average Fe 2+ - 
ligand distance, with temperature may be 
attributed as due to thermal changes in the 
anisotropic part of the ligand field, as also 
observed by earlier workers of this laboratory 
on many salts of the iron group [17, 18]. 
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Abstract-The pressure derivatives of the elastic stiffness constants of LiCI and RbCI have been 
measured using the ultrasonic pulse-echo technique. The values at room temperature and zero pres¬ 
sure are; 


dB/dP d CJdP dC'/dP 
I.iCI 5-41 1 63 3*63 

RbCI 5-39 — 0*64 5 53 

where the notation B ~ (C u + 2C u )/3 and C = (C u —C l2 )/2 has been used. These results in com¬ 
bination with previous results for NaCl and KC1 allow for a systematic study of the elastic properties 
of all alkali chlorides having the NaCl structure Such a study has been made using a Born model 
with the cohesive energy consisting of two parts, a Coulomb interaction between all ions and a short- 
range repulsive interaction between nearest neighbors only. In most cases the experimental results 
are predicted within 10 per cent, the exceptions being associated with the shear constant C 44 and its 
pressure derivative. The model is least successful for LiCI, and it is shown that the addition of next- 
nearest-neighbor interactions can improve the situation for LiCI but not for the other three materials. 


1. INTRODUCTION 

The Born model has long been used to ex¬ 
plain the binding energy of the alkali halides. 
The model has been widely accepted because 
of its simplicity as well as its success in pre¬ 
dicting the cohesive energy for simple ionic 
compounds. In the Born model the attraction 
energy is accounted for by a coulomb interac¬ 
tion between point-like ionic charges, and the 
repulsion energy by less understood interac¬ 
tions which are short range and two-body in 
character. The elastic constants and their 
pressure derivatives are valuable tools for 
investigating this model as they are strong 
indicators of the short range contributions to 
the binding energy. 

The present study was undertaken to obtain 
elastic data for a complete series of the alkali 
halides and then to test the Born model by 
systematically applying it to all members of 
the series. The series chosen contains the 
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four alkali chlorides having the NaCl struc¬ 
ture; namely, LiCI, NaCl, KCi, and RbCI. To 
this end the elastic constants and their pres¬ 
sure dependence were measured for LiCI and 
RbCI. These data were combined with pre¬ 
vious results for NaCl and KCI f 11 , thus giving 
the complete experimental data needed for 
the systematic study. 

These compounds represent a series 
with fixed anion size but with a large variation 
in cation size: the ratio of cation/anion radius 
varies from 0*33 for LiCI to 0 82 for RbCI. 
LiCI is unique in this group since it has next- 
nearest-neighbor (NNN) contact (or ‘double 
repulsion’). Nearest-neighbor (NN) contact 
determines the ionic separation in the other 
three materials (see Fig. 1). The simplest 
form of the Born model ignores NNN inter¬ 
actions and should thus have varying success 
in dealing with this series of alkali chlorides. 

In this work, the importance of NNN 
repulsion and the feasibility of adding other 
interactions to the Born model in order to 
improve its success in predicting experimental 


2363 



2364 


W. N. POTTER. R. A. BARTELS and R. W. WATSON 


uei N«ci 



KOI RkQI 


Fig. 1. The arrangement of ions in the cube-face layers of 
the alkali chlorides with the sodium chloride structure. 
The drawings are scaled according to the lattice dimen¬ 
sions of the compounds and according to the ionic radii of 
Pauling[3J. 

results are investigated. Particular emphasis is 
given to the elastic constant C 44 and its 
pressure derivative. This shear constant is a 
sensitive indicator of NNN interactions (the 
NN and NNN contributions to C 44 are of 
opposite sign) and should also be sensitive to 
non-central forces that may be present in the 
chemical bonds. In applying the Born model 
to the elastic properties of LiF and NaF, 
Miller and Smith [2] encountered the most 
difficulty with the shear constant C 44 . 

During the course of this investigation 
we became aware of the work by Roberts and 
Smith on the pressure dependence of the elas¬ 
tic constants of the sodium and potassium[4] 
and of the rubidium [5] halides. They also 
conducted a systematic study of alkali halide 
series using the Born model. Their work.and 
ours are somewhat complementary in the 
following ways. Their approach in studying 
a series was to look at the four halides of a 
given metal whereas our approach is to vary 
the metal ion for a given halogen (Cl). They 
werit chiefly interested in the equations of 


state and thus were most concerned with the 
bulk modulus; we deal extensively with the 
success of the Born model in predicting the 
shear constants. In order to apply the Born 
model they made the complete thermal cor¬ 
rections necessary to render their data ap¬ 
plicable to the room temperature static lattice; 
we use the less correct procedure of applying 
the Born model to the room temperature 
adiabatic elastic constants without thermal 
corrections. A comparison of the results of 
these two methods can then be made. 

2. EXPERIMENTAL PROCEDURE 

Single crystals of RbCI and LiCI were purchased from 
Semi-Elements. Inc. All samples were in the form of 
right circular cylinders and two specimens of each ma¬ 
terial were used in the measurements, a one inch long 
sample oriented at [ 100]± 1° and a fin. long sample 
oriented at [1101 ±2°. The end faces were parallel to 
within±0-001 in. 

The method used for the elastic stiffness measurement 
was the ultrasonic pulse-echo technique |6[. The details of 
experimental procedure described by Bartels and Schuele 
[l] were closely followed with the exception that a gas 
(nitrogen) pressure system and Bourdon tube pressure 
gauge were used. 

The buffer rod method was employed to obtain the 
elastic constants at zero (atmospheric) pressure; that is, 
in order to simplify the detailed interpretation of the echo 
structure, a long aluminum or silica rod was placed 
between the quartz transducer and the sample. For pres¬ 
sure runs the transducers were cemented directly to the 
crystals using Nonaq stopcock grease enriched with 
J-mannitol. 

The pressure dependence of the elastic constants was 
obtained by recording the change in arrival ji me for an 
echo at different pressures. The technique involved ob¬ 
serving on an oscilloscope screen the n th echo with arrival 
time T„. The change in arrival time AT„ was then re¬ 
corded for pressures up to 30,000 psi. A typical data plot 
is shown in Fig. 2. 

3. RESULTS 

For the crystals and orientations used in 
this work the adiabatic elastic constants are 
related to experimental values by 

= pv i 2 = 

C' = (C u — C n )l2 = pi>2 2 , 
c;,= (C u + C j2 + 2C 44 )I2 = P v 3 *. 

C n = pv 4 *\ 

where and v 2 are the velocities of the 
transverse waves in the [110] direction with 
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Pressure, pstxlO 3 



Fig. 2. A typical data plot of change in arrival time with 
pressure. These data are for the 5th echo of the longit¬ 
udinal wave propagating in the [110] direction in RbCl. 


particle displacement in the [ 001 ] and [ 110 ] 
directions respectively; u 3 and v 4 are the 
velocities of the longitudinal waves in the 
1110 ] and [ 100 ] directions respectively; and 
r 5 is the velocity of a transverse wave in the 
[ 100 ] direction; p is the density of the material. 
These measured elastic constants as well as 
the adiabatic bulk modulus fi v =(C n + 
2C 12 )/3are given in Table 1. 


Table 1. The adiabatic elastic cons¬ 
tants of LiCl and RbCl in units of 
Mbars (1 Mbar = lO 14 dyne enc 2 ) 



LiCI 

RbCl 


0-2489 

0 0468 

C’ 

0*1338 

0*1518 

C'u 

0*6050 

0*2612 

Bs 

0*3115 

0*1638 


This method of using two crystals of [110] 
and [ 100 ] orientations for each compound 
allows for internal checks. The values of C u 
and C 44 obtained from the two crystals agree 
within 0-5 per cent for LiCI and within 0-1 per 
cent for RbCl. The values shown in Table 1 
are based on measurements from the [ 110 ] 
sample. The single crystal elastic constants of 
LiCI and RbCl have been measured by 
Haussiihl[7] and by Marshall, Pederson, and 
Dorris [ 8 ]. Our RbCl results are within about 
1 per cent of those given in both of these 
papers. Our LiCI values agree with 
Hausstihrs to about 1 per cent but disagree 
as much as 1 0 per cent with those of Marshall, 
Pederson, and Dorris. 

In order to determine the pressure deriva¬ 
tives of the elastic constants, the arrival time 
T n for the n lh echo was measured with change 
in pressure. Since T n is linear with pressure 


Table 2. The basic data used in the present investigation for 
the alkali chlorides at 299 °K 


Data 

LiCI 

NaCl 

KCI 

RbCl 

Lattice constant 
(A) |9] 

5-1398 

5-6402 

6 2932 

6-5807 

X-ray density 
(gms/cm 3 ) 

2-0736 

21634 

1-9868 

2-8182 

Molecular volume 
(10 -24 cm’) 

33-945 

44*856 

62 309 

71-245 

Linear coefficient 
of thermal expan¬ 
sion (10~ 4 deg -1 ) 

0-448[8] 

0-400[ 1] 

0-369(1] 

0-346[5] 

Specific heat, C p 
(cal mole -1 deg -1 ) 

ll-5[8] 

II 9[1] 

12-2[ 1 ] 

12 3[5] 

Isothermal bulk 
modulus (Mbar) 

0 2906 

0-2332 

0-1727 

0-1569 

Specific heat ratio 
<C P /C r ) 

T072 

1*058 

1 049 

1-044 
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for the range under investigation (see Fig. 2), 
the slope, dTjdP , was calculated by the 
linear least squares technique. The fractional 
change in arrival time per change in pressure 
is thus given by 

din 7 _ 1 d T n p 

d P nT d P 

where T is the zero pressure transit time and 
n is the number of the echo under study. The 
fractional change in elastic constant per unit 
change in pressure is then found from 

dlnC 1 2dln 7 
dP W T d P ' ' 

The \/3B r term corrects for the change of 
length and density with pressure. 

Table 3 gives the values of dC/dP, dlnC/d7, 
and dlnC/dlnr = — 3B r d\nCldP for the bulk 
modulus and the two shear constants C u and 
C'« (C„-C„)/2. These data are from 
measurements on the [ 110| crystal and each 
result is based on from two to six separate 
measurements. The NaCI and KCI results 
from Bartels and Schuelej 11 are included here 
for comparison and because they will be em¬ 
ployed in the later analysis. As in the case of 
the elastic constants themselves, the use of 
the two differently oriented crystals allows 
for internal checks in the pressure results and, 
as before, the results were more consistent 
for RbCI than for LiCI. The values of dC { JdP 


differ by 1*2 per cent for RbCI and by 4*9 per 
cent for LiCI; for dCjdP the respective 
differences are 1*6 per cent and 3*1 per cent. 
We assign an accuracy of ± 1 per cent to the 
measurements of the elastic constants and 
±5 per cent to their pressure derivatives. We 
feel that this estimate may be conservative 
for RbCI but somewhat optimistic for LiCI. 
In general the results for RbCI were more 
reproducible than for LiCI. 

In the series of alkali chlorides from LiCI to 
RbCI, Table 3 shows that there is very little 
variation in dB/dP . It is interesting to note 
that values of dB/dP for fourteen different 
alkali halides taken from this work, from 
Miller and Smith[2] and from Roberts and 
Smith [4,5] show less than a 10 per cent 
variation and have a mean value of 5*36 with 
a standard deviation of 0*11. dC 4 JdP y on the 
other hand, changes considerably for the 
four alkali chlorides and even undergoes a 
change in sign. For KCI and RbCI, dC 4 JdP is 
negative, indicating a decrease of C 44 with an 
increase in pressure. 

4. DISCUSSION 

A simple Born model for the binding energy 
of ionic crystals consists of two parts: a 
coulomb interaction over the entire crystal 
and a short range repulsion interaction over 
nearest neighbor ions only. The approach 
used in this investigation has been to consider 
the experimental elastic constants C exp as 
composed of two parts: a coulomb contribu- 


Table 3. The experimental results of the pressure dependence of the 
adiabatic elastic constants of the alkali chlorides. The elastic constants 
are taken as B , C 44 . and C\ dC/dP, dlnC/dP (in units of Mbar~ x ) and 
dlnCldlnr are shown. dlnC/dlpr represents the fractional change in 
elastic constant per fractional change in ionic spacing (r) 

dg d C M dT dlng dlnC„ dlnC' ding dlnC 44 dlnC' 
d P dP dP d P d P d P dlnr dlnr dlnr 


LiCI 5-41 1 63 3-63 17 4 6*5 27 1 —15*1 -5-7 -236 

NaCI 5*27 0 37 4 79 21*3 2-9 26-3 - 14 9 -2*0 -18 5 

KCI 5*34 -0 39 5 61 29-4 -6-1 33-5 — 15*3 3*2 -17 4 

RbCI 5-39 -0 64 5 53 32*9 — 13*7 36 7 —15-5 6*4 - 17 3 
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tion to the elastic constants C c , which is 
easily calculated, and a short range contribu¬ 
tion given by 

Csh — C ex p — C r . ( 4 ) 

The coulomb contributions to the elastic 
constants are given by Huntington [10] as 

iW c = — 0*777e 2 /r, 
flC 44c = 1 -278e 2 lr, (5) 

SlC' c =-l*335e 2 /r, 

where fl is the molecular volume, e is the 
electron charge and r is the nearest neighbor 
separation. The coulomb contribution to the 
hydrostatic strain derivative HdC/dlnr is 
given by 

(fidC/dInr) r = — 4ilC r . (6) 

The contributions to flC and QdC/dlnr are 
presented in Table 4 according to the scheme 
of equation (4): i.e., we are subtracting the 
coulomb contributions from the experimental 
values and designating the remainder as the 
short range contribution. 

The energy of one ion, using a simple Born 
model, is 

u(r) = — + 6/(r) (7) 

where e 2 /r is the traditional coulomb energy 
between two charged bodies, a is the Made- 
lung constant which accounts for the summa¬ 
tion of the coulomb potential over the entire 
crystal, and l(r) is the short range interaction 
between the six nearest neighbors only. A 
mole of alkali halide contains twice Avo- 
gadro’s number, /V 0 , of ions. In summing over 
all 2N 0 ions to obtain the energy per mole, 
each interaction is counted twice and the 
energy per mole is given by 

U(r) = 2N 0 u(r)/2 = N»u(r) - -N {) ae 2 /r 

+ 6/V 0 / (r). (8) 

Since the net force on the ions must be zero 
when they are in equilibrium position d, we 


Table 4. The partitioning of the elastic cons¬ 
tants and their pressure derivatives into the 
calculated coulomb contribution and the 
remainder (designated as the experimental 
short range contribution). The units are 
10“ 12 ergs!molecule 



B 

ftCexp 

10 6 

= ftCcul 
-7 0 

4- nc sk 

17-6 


c« 

8-5 

115 

-30 

LiCI 

a 

4-5 

-120 

16-5 


dfl/dlnr 

-1600 

27-9 

- 187-9 


dC„/dlnr 

-48-2 

-45-9 

-2-3 


dC'/dlnr 

- 107-6 

47-9 

-155-5 


B 

110 

-6 4 

17-4 



5-8 

10-5 

-4-7 

NaCI 

C 

8-3 

- 10-9 

19 2 


tiBldlnr 

-165 0 

25-6 

-190 6 


dC 44 /dlnr 

— 11-7 

420 

-53-7 


dC'/dlnr 

- 151 0 

43-6 

- 194*6 


B 

11-3 

-5-7 

170 


c 44 

3-9 

9-4 

-5-5 

KCI 

C' 

10-4 

-9-8 

20 2 


dfl/dlnr 

-173-0 

22-8 

-195-8 


dCJdlnr 

12-5 

-37-5 

50*0 


dC'/dlnr 

- 1820 

39-2 

-221-2 


B 

11-7 

-5-5 

17-2 


c M 

3-3 

90 

-5-7 

RbCI 

C 

10-8 

-9-4 

20 2 


d/i/dlnr 

- 180-8 

218 

-202-6 


dC H /dlnr 

21-4 

-35-8 

57-2 


dC'/dlnr 

-185-3 

37-4 

-222-7 


have 

~j~( r = d) = 0 (9) 

or 

ae 2 /d 2 + 6/'(r = d) =0 

where primes indicate derivatives with respect 
to r . 

The short range contributions to the elastic 
constants and hydrostatic strain derivatives 
are given by [ 2 , 6 ] 

flB^ = !(r 2 r-2r/'). 
nC^ = 2r/', 

ac; fl = rT + r/\ (10) 

fldB SJ ,/dlnr = $(rT - 3 r 2 /" + 4r/'). 
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(ldC 44 Jd\nr=2(t*r-2rr), 

(ldC f SH ldlnr = r 3 /'" — 2r/\ 

evaluated at r = d. 

In the simple Born model, / is usually 
taken as / = B exp(- 8 r/d) (or some equivalent 
exponential form) or as l=Ar~ n . Used in 
equations ( 10 ), these two forms of the repul¬ 
sive term yield identical results in all calcula¬ 
tions except for dB SR ld\t\r and dC' 5 fl /dlnr. 
Using / = B exp(— 8 r/d) in equation (9) and 
equations (10) the following seven equations 
in two inknowns can be obtained: 

8 / = ae 2 / 6 d, 

fifl SR = $(8 + 2)8/, 

nc^-28/, 

nc; ft = ( 8 ~i) 8 /, (in 

ftdB^/dlnr = - 2(8 2 + 38 + 4)8/, 
fldC 44vw /dlnr = 2(8 + 2)8/, 
fldC'^/dlnr = — ( 8 2 — 2 ) 8 /. 

This model then provides seven equations 
involving seven independent experimental 
values and only two unknowns, 8 and 8 /. 

The first two equations of the set im¬ 
mediately above were used to calculate values 
of 8 and 8 /; these values were then employed 
in the remaining five equations to obtain 
theoretical short range contributions. In 
Table 5 the measured values have been 
separated into three parts: the Coulomb con¬ 
tributions according to equations (5,6), the 
theoretical short range contributions from 
equations (11), and the amount left unac¬ 
counted for by this simple model: i.e., the 
“not accounted for” column would be zero if 
the model fit the data perfectly. We show here 
the relative magnitudes of the three parts. 
When it makes a difference, results obtained 
using a power law form of the repulsive 
energy are included in parentheses in Table 5 . 
In considering the ‘per cent not accounted 
for” column, it should be noted that the 
experimental values used to determine these 
contributions possibly contained inaccuracies 
of 1 per cent for the elastic constants and 5 
p^r $e$t for their pressure derivatives. 


Table 5. The per cent contributions to the 
elastic constants and their hydrostatic strain 
derivatives obtained by employing an ex¬ 
ponential repulsive term in a simple Born 
model. Similar calculations were also made 
using a power function; where these latter 
results differ from those obtained using the 
exponential form , the values are shown in 
parentheses 




Per cent 
Coulomb 

Percent 

short 

range 

Per cent 
not 

accounted 

for 


a B 

28 

72 

0 


a 

60 

28 

12 


nc 

37 

57 

6 

LiCl 

fidB/dlnr 

13(13) 

75(82) 

12(5) 


adC 44 /dlnr 

30 

34 

36 


OdC/dlnr 

22(18) 

74(70) 

4(12) 


CIB 

27 

73 

0 


nc, 

68 

32 

0 


ac' 

36 

63 

1 

NaCl 

adfl/dlnr 

12(12) 

81(88) 

7(0) 


adCu/dlnr 

36 

45 

19 


ftdCVdlnr 

18(16) 

78(79) 

4(5) 


CIB 

25 

75 

0 


ac 4< 

63 

29 

8 


ac r 

33 

63 

4 

KCl 

adfl/dlnr 

10(10) 

87(87) 

3(3) 


adCJdlnr 

42 

57 

1 


adC'/dlnr 

15(14) 

79(83) 

6(3) 


a b 

24 

76 

0 


ac„ 

61 

28 

11 


a c 

32 

66 

* 2 

RbCl 

adfl/dlnr 

10(9) 

89(86) 

1(5) 


tldCJdlnr 

39 

55 

6 


OdC'/dlnr 

14(12) 

85(80) 

H8) 


Since the short range value for f IB was 
employed to determine the unknowns, it is 
completely accounted for. In the case of the 
shear constants (C 44 and C' in Table 5), one 
notices that the model is quite successful for 
C\ but with the exception of NaCl, the model 
shows relatively large failures in predicting 
C M . 

The hydrostatic strain derivatives of the 
elastic constants are more strongly depen¬ 
dent upon the short range interaction. For 
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these quantities (rows four, five, and six for 
each crystal in Table 5) the per cent not ac¬ 
counted for by this model is generally larger. 
Particularly large failures are seen in LiCl 
and NaCl, again associated with the shear 
constant C 44 . If one takes into account that 
C 44 is the elastic constant which is most sensi¬ 
tive to NNN and to non-central forces and 
that these forces are not considered in the 
present model, it would be expected that a 
larger unaccounted-for contribution would 
result. LiCl, which has NNN ion contact, 
displays the largest unaccounted for term 
(36 per cent) in dC 44 /dlnr. On the whole, 
however, this Born model, while a simple one, 
does explain the elastic properties of these 
alkali chlorides relatively well. 

The values of 8 calculated from the first 
two equations (I 1 ) are plotted in Fig. 3 vs. the 
NN separation (one half the lattice constant): 
the result is a remarkably linear relationship. 
In looking at a series of halides of a given 
metal, Roberts and Smith [4, 5] found similar 
results. In contrast to our work, they used 



Fig. 3. The repulsive parameter 6 from a simple Bom 
model vs. NN separation (solid line). The broken line is 
from thermally corrected data of Roberts and Smith 
14,5]. If a t~ n repulsive potential is used, 8 and n are 
related by 5 = n + 1. 


repulsive parameters calculated from ther¬ 
mally corrected values of the isothermal bulk 
modulus and of the equilibrium condition. For 
comparison we have also included their values 
in Fig. 3. The thermal corrections apparently 
boost the repulsive parameter by about 10 
per cent. It might be worth noting that the use 
of the adiabatic, rather than the isothermal, 
bulk modulus somewhat compensates for the 
neglect of the thermal corrections. 

As previously noted, a model with only NN 
repulsion does not adequately explain the 
experimental elastic results for LiCl. Since 
LiCl is the only crystal in the series with 
NNN contact, a model to account for the 
experimental results of LiCl should include 
NNN as well as NN interactions. The energy 
per ion for such a model can be written 

u(r) = — ae 2 /r + 6 /(r) +6W(r), 
where I(r) — A exp(— 8 r/d), (12) 

and W{r) — B exp(— p V 2 r/d). 

/ has the same meaning as before and W is 
the interaction of an ion with the 12 next 
nearest neighbors. The resulting equations 
for the equilibrium condition and short range 
contributions are 

ae 2 / 6 d = 8 /+plF, 
ft B sr = S[(8 + 2)8/ + (p + 2)pW]< 
ilC 44sR = -28I+i(p-3)pW, 

(IC SR = ( 8 -1)8/+*(/>-7)/^, (13) 
ndB SR ld\nr = - i[(8 2 + 38 + 4)8/ 

+ (/? 2 + 3/? + 4)pH'], 

(ldC 44SR ldlnr = 2(8 4- 2)8/ - i(P 2 - 2p - 6) P W* 
OdCydlnr = - (8 2 - 2)8/ - \{p 2 - 6 p 
-14 )pW. 

These equations were handled in the following 
manner; various amounts of NNN interaction 
were added by systematically varying the 
ratio pW/81 and using the first three of equa¬ 
tions (13) to calculate 8 , 8 /, and p\ these 
parameters were then used in the last four 
of equations (13) to see if agreement between 
theory and experiment was improved over 
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that using NN interactions only. Only the 
agreement for LiCI was improved with this 
procedure; and, even in this case, the ‘per cent 
not accounted for’ increased for some quan¬ 
tities and decreased for others. The best 
overall agreement occured at pWlhl — 0 08 
for LiCI, a value very close to that found by 
Miller and Smithf2] for LiF. 

A linear theoretical relationship between 
(-CJB)sh and ( C'/B) SR can be obtained from 
equations (11). This relation is plotted as a 
solid line in Fig. 4. The experimental value 
for NaCI lies quite close to the theoretical line. 
The points for the other three crystals, how¬ 
ever, do not agree well with theory: LiCI lies 
below the nearest neighbor line whereas KC1 
and RbCI lie above the line. Employing the 
equations of the model with both NN and 
NNN repulsion, and making the assumption 
6 = /?, the new theoretical relationship 
between (— C 4 JB) S h and {C!B) SH is obtained 
(again a linear relationship). For a ratio of 



Fig. 4. A plot of short range stiffness ratios — ( C u jB ) vs 
( C’lB ). The data for the experimental points are from 
Table 6. The solid line is a theoretical relation obtained 
from £pnsidering only NN interactions, and the broken 
lintf'4|i|||cates the theoretical relationship when NNN 
interactions are added. 


07/= 0-18 this relation is displayed as the 
broken line in Fig. 4, indicating that the elastic 
constants of LiCI can be explained by a model 
which considers both NN and NNN inter¬ 
actions. The value of 07/= 0-18 is not in 
itself particularly significant; it was chosen 
because it is the value which forces the line 
through the LiCI point. What is significant 
is that any positive value of 07/ results in a 
NNN + NN line that lies below the NN-only 
line. The main conclusion reached in con¬ 
sidering Fig. 4 is that a NNN short range 
repulsive interaction does not affect the elastic 
constants in the right direction to correct for 
KCI and RbCI. 

The physically important point is the follow¬ 
ing: the simple nearest neighbor model pre¬ 
dicts a C 4< 4 which is not sufficiently negative 
for KCI and RbCI; therefore the addition of a 
positive term from a NNN repulsion energy 
cannot remedy the situation. It is clear that 
any modification of the simple nearest neigh¬ 
bor theory which is to account for the ex¬ 
perimental results of KCI and RbCI must 
supply an additional negative contribution 
to C 44( , lt . A Van der Waal’s dipole-dipole 
attractive potential seems to be a correction 
in the right direction for KCI and RbCI. 

It is also reasonable to suggest that the 
bond may not be 100 per cent ionic, but 
partially covalent in character. We have made 
calculations by varying the charge on the ions, 
but this procedure did not significantly im¬ 
prove the agreement between theory and 
experiment. 

5. CONCLUSION 

A simple Born model which includes 
coulomb and nearest neighbor interactions 
does a reasonably good job of predicting the 
elastic properties of the alkali chlorides. For 
the elastic constants of NaCI, the predictions 
are within experimental error. For the other 
three crystals, the failure of the model to 
account for the elastic constants C' was on 
the order of 5 per cent. The amount of C 44 
not accounted for is on the order of 10 per 
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cent, which is not surprising since C u is a 
strong indicator of NNN and non-central 
forces, two interactions which are undoubtably 
present but not included in the model. The 
unaccounted for’ terms predicted for dB/dlnr 
and dC'/dlnr for all four crystals and dC^/dlnr 
for RbCl and KC1 were within experimental 
accuracy. However, for NaCl and LiCl, the 
per cent of dC 44 /dlnr which was not accounted 
for by the model was quite large (19 and 36 
percent, respectively). 

An interesting and unexpected result was 
that the Born repuLsive parameter 8 was found 
to be a linear function of the NN separation 
distance. 

It is clear that the Born model for LiCl 
can be improved by the addition of NNN 
interactions, a result similar to that found by 
Miller and Smith[3] for LiF. A model for 
KC1 and RbCl cannot be improved by the 
addition of a nearest neighbor attraction, but 
instead an interaction which leads to a greater 
negative contribution to C 44 is required. 
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APPENDIX 

Adiabatic and isothermal elastic stiffnesses and com¬ 
pliances 

Table 1(a) gives the adiabatic and isothermal elastic 
stiffnesses and compliances for LiCl and RbCl at 299°K, 
These values were calculated using the standard relations 
[11] and the values of Tables I and 2, along with the 
thermodynamic relation 



where /3 is the volume coefficient of thermal expansion, 
7 is the absolute temperature. C tJ is the heat capacity at 
constant pressure, and V is the volume. 

1 empera ture dependence of the elastit constant s 
The temperature coefficients of the elastic constants 
(dlnC/dT),, can be thought of as comprised of two parts: 
one part arises from the explicit (constant volume) tem¬ 
perature dependence and the other from an implicit 
dependence arising from volume changes of ihe crystal 
due to temperature. The pressure dependence measure¬ 
ments allow for these two effects to be separated using the 
relationship 

(dlnC/d7')„ - (dlnC/d T) V A o(dlnC/dln/)r (2A) 

where « is the linear coefficient of thermal expansion. 
Table 2(a) presents the different components for the 
temperature coefficients. 


Table 1(a). The adiabatic and isothermal stiffnesses C and 
compliances S for LiCl and RbCl. The units for C are Mbar and 
for S (Mbar)~ l 



C„ 

c„ 

c» 

*5]i 

*5 15 £ 

5 44 

Li Cl 

adiabatic 

0*4899 

0-2223 

0*2489 

2*848 

-0 889 

4018 

isothermal 

0 4690 

0 2014 

0-2489 

2-874 

-0-863 

4*018 

RbCl 

adiabatic 

0*3662 

0-0626 

0*0468 

2 874 

-0 420 

21*37 

isothermal 

0*3593 

00557 

0*0468 

2*904 

-0 390 

21*37 
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Table 2(a). The constituent parts of the temperature 
derivatives of the elastic constants of the alkali 
chlorides . Units are iO ~ 4 de^~ A 




(dlnC/dD,, 

= (dlnCAm, 

+ a(dlnC/dlnr) T 

Li('l 


-4 2 

- 17 

-2*5 


c 

— 16 4 

-5-8 

-10*6 


B 

-5*6 

+ 12 

-6*8 

NaCI 

C 44 

-2-7 

-19 

-0-8 


c 

-11-3 

-3*9 

-7*4 


B 

-5 1 

+ 0-8 

-5*9 

KC'I 

0,4 

-2-1 

— 3*3 

+ 1*2 


c 

- 113 

- 4-9 

-6 4 


B 

-5*2 

+ 04 

-5*6 

RbCI 


-2*4 

-4*6 

+ 2-2 


c 

— J J 8 

-5*9 

-5*9 


B 

-5 2 

+ 0*2 

-5*4 


Haussuhl(7j gives values for (dlnC7d7') p for these four studies with alkali halides[l, 2], the constant volume 
compounds at 273°K. His values are used after correct- temperature derivative is always negative for the shear 

ing them to 299°K by assuming that dCjdT is the same constants and positive for the adiabatic bulk modulus, 

throughout this temperature range. As found m othei 
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Abstract-Optical absorption and reflectance spectra of quartz, alkali doped fused silica, and several 
simple silicate glasses of high purity were measured in the region extending from 5 to 14 eV. The 
doping of lithium, sodium and potassium into Si0 2 was observed to introduce optical absorption 
whose effect was to shift the u.v. edge of the glass to lower energies by several eV. This absorption 
accounts for the poor transmission of high purity silicate glasses in the far u.v. relative to Si0 2 . The 
simultaneous introduction of aluminum with the alkali was effective in eliminating most of this absorp* 
tion. These observations were consistent with the hypothesis that the breakup of the Si—O—Si bond¬ 
ing network is related to the increased u.v. absorption of silicate glasses At higher energies beyond the 
u.v. edge, several strong reflectance bands were observed and these have been tentatively assigned 
to exciton and band-to-band transitions. The data are discussed qualitatively in terms of both molecu¬ 
lar orbital and valence bond theories, taking into consideration the increased ionic character of the 
Si-O bond in the alkali silicate glasses. 


1. INTRODUCTION 

Previous investigations have indicated that 
the u.v. absorption spectra of silicate glasses 
may be dependent both on the glass composi¬ 
tion [1-3] and its method of preparation [4, 5). 
Recent work [6] has established that in 
sufficiently pure alkali silicate glasses, the 
position of the u.v. absorption edge is 
independent of the atmosphere employed 
during melting. This was achieved by the 
elimination of traces of transition metal and 
rare earth impurities whose various oxidation 
states contribute significantly to the u.v. 
absorption. However, even in silicate glasses 
free of impurity-induced u.v. absorption, the 
absorption edge was observed to lie several 
eV lower than that for Si0 2 . These pure 
materials provided an excellent opportunity 
to study the nature of alkali-induced u.v, 
absorption in silicate glasses. 

Stevels[7] has suggested that the intrinsic 
absorption edge of an oxide glass corresponds 
to the transition of a valence electron of an 
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oxygen ion in the glass network to an excited 
state. In the absence of impurities, the shift 
in the absorption edge of silicate glasses 
relative to Si0 2 might then result from the 
excitation of valence electrons of singly 
bonded (nonbridging) oxygen ions which 
arise from the introduction of network modi¬ 
fying alkali ions into the Si0 2 structure. One 
could then discuss the location of the ultra¬ 
violet edge of oxide glasses in terms of the 
strength of the Si—O—Si bridging in the 
network as suggested by Scholze[8]. Mc- 
Swain et al.[ 3] have observed such a shift in 
alkali borate glasses. With the assumption 
that the absorption edge and the first absorp¬ 
tion maximum coincide, Stevels[7] predicted 
that the u.v. absorption of glasses should in¬ 
crease in the order of phosphate, silicate, 
borate glass. This prediction does not cor¬ 
relate with the experimental data. The dis¬ 
crepancy was attributed to the presence of 
non-bridging oxygens. However, the covalent 
aspects of the bonding were not considered 
in StevePs treatment. In Si0 2 and silicates 
in general, rather than a valence band charac¬ 
teristic of the ionic states, one expects strong 
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mixing between valence orbitals of Si and 
O. For example, one can consider four sp 3 
tetrahedral orbitals on each Si which are 
directed toward neighboring oxygens. The 
fundamental optical absorption of Si0 2 may 
result from both the excitation of electrons 
in bonding and anti-bonding levels formed 
from these hybridized states as well as the 
atomic states of oxygen. 

The object of the present work was to 
determine the effect of alkali modifiers on 
the ultraviolet absorption of silicates and to 
explore the electronic processes which under¬ 
lie the fundamental optical absorption of both 
Si0 2 and simple silicate glasses. The u.v. 
absorption resulting from the introduction of 
small amounts of Na, Li, and K into fused 
silica has been measured in the wavelength 
range 150 to 250 nm. Also, the fundamental 
optical properties of several simple alkali 
silicate glasses have been studied by means of 
vacuum u.v. reflectance spectra at wave¬ 
lengths between 90 and 170nm. These data 
have been compared with the fundamental 
optical absorption of pure Si0 2 which had 
been measured previously by Loh[9| and 
Phillip[ 10|. Mechanisms which might be 
responsible for the structure in the ultraviolet 
absorption of alkali silicates are suggested 
and discussed, taking into account both the 
covalent and the ionic character of the 
bonding. 


2. EXPERIMENTAL METHODS 
Materials preparation 

The alkali-doped fused silica samples were 
prepared by doping, fusing, and sintering 
techniques previously described by Lell[ 11]. 
Since considerable loss of alkali may occur 
during preparation, flame photometric deter¬ 
minations of the alkali content of samples 
were made. These results are given in Table 1. 
Samples containing equivalent amounts of 
aluminum and alkali were also prepared. 
|pmples were cut, ground, and polished into 


Table 1. Alkali concentrations in doped 
fused silica samples 


Sample no. 

Initial doping 
level 
(mole %) 

Flame photometric 
Determination in 
(mole 7<) 

101 

0 05 Li 

0 006 Li 

102 

0-2 Li 

0 018 Li 

104 

0-03 Na 

0-015 Na 

105 

0-2 Na 

0 05 Na 

106 

0-5 Na 

0-12 Na 

107 

0 05 K 

0-01 K 

108 

0-2 K 

0 035 K 

111 

0*5 Na + 0-5 A1 

0-32 Na, 0-29 Al 

115 

0-2K + 0-2 A1 

0165 K.013 Al 

118 

0-2 Al 

O il Al 

119 

0-5 Al 

0-20 Al 

120 

Undoped 

0 001 Li 


thicknesses ranging from 2 to 0*1 mm depend¬ 
ing on the concentration of alkali present. 

The alkali silicate glasses were prepared at 
NRL using high purity Si0 2 , ALO { , and alkali 
carbonates. The Si0 2 was prepared by frac¬ 
tionally distilling ethyl silicate which was in 
turn hydrolyzed in an ethyl alcohol solution 
with water and NH^OH. It was dried and 
ignited at 1160°C in fused silica beakers. 
This produced Si0 2 with transition metal 
content of less than 0-5 ppm. Carbonates 
were prepared by starting with reagent grade 
materials and purifying them by fractional 
precipitation. EPR, colormetric analysis, 
and mass spectrographic analysis were then 
used to select batches of the purest materials. 
The dry mixed materials were melted in 
platinum crucibles at 1400°C for 16 hr. Both 
conventional furnaces employing silicon 
carbide heating elements as well as a vacuum 
furnace with r-f crucible heating were used. 

High purity ultraviolet grade crystal¬ 
line quartz and fused silica were obtained from 
commercial suppliers. The crystal quartz 
was supplied by Sawyer Research Products, 
Inc., and the fused silica was Corning 7940 
UV grade. 
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Measurements 

A McPherson model 235 monochromator 
of the Seya Namioka[12] type was used for 
transmittance measurements in the region 
140 to 250 nm. The light source was a 
Hinteregger[13] type discharge lamp with 
a flow-through hydrogen gas system. The 
detector consisted of a vacuum mounting with 
a sodium salicylate coated window and an 
1P21 phototube. Per cent transmittance as 
a function of wavelength was obtained by 
taking the ratio of the light intensity measured 
with the sample in the beam to that measured 
with the sample removed. 

Reflectance measurements in the range 90 
to 200 nm were taken on a McPherson model 
225 1 meter normal incidence type spectro¬ 
photometer which had an NRL-designed[14j 
refiectometer mounted at the exit slit. The 
light source and detection system were similar 
to that described above. The reflection 
measurements were confined to normal 
incidence. To prevent scattering of the 
incident light in normal incidence reflectivity 
measurements, irregularities in the surface 
should not be higher than A/16 to obtain a 
good specular reflection[ 15J. Irregularities 


of 20 to 50A in height can be expected on 
optically polished glass surfaces. Since the 
reflectance measurements were made in the 
900 to 1700A region v some surface scattering 
might be expected here-especially for glasses 
which are slightly hygroscopic. In order to 
investigate the effects of surface polishing, 
the reflectance spectra of a sodium silicate 
and a lithium silicate glass were measured 
three times after separate grinding and 
polishing operations. The variation in the 
reflectance values of these glasses in the 
regions of peak reflectivity was about 20 per 
cent. However the absorption bands did not 
shift by a measurable amount. 

3. RESULTS AND DISCUSSION 
Fundamental absorption of Si0 2 
Crystalline quartz and fused silica become 
opaque to electro-magnetic radiation at wave¬ 
lengths below 145 nm as shown in Fig. 1. 
At shorter wavelengths, the fundamental 
absorption of bulk samples can be studied by 
means of reflectance measurements. Strong 
reflectance bands correspond to regions of 
strong absorption. This can be concluded by 
the inspection of the expressions for normal 



WAVELENGTH (nm) 

Fig. 1. Position of u.v. absorption edges of high purity (1) crystalline quartz, 
(2) fused silica and (3) NRL 2Si0 a -lNa20 glass (samples of 1 mm thick¬ 
ness). 
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incidence reflectivity and optical absorption 
in a dielectric medium of complex index 
where n is the index of refraction 
and k is the extinction coefficient. The 
attenuation of light beam in such a medium 
is given by the expression 

/-/*(ip) (i) 

where d is the thickness A is the incident wave¬ 
length, /„ is the incident intensity, and k is the 
absorption coefficient. The reflectivity, R , at 
normal incidence at the first surface, is given 
by the expression 


and absorption maxima. Figure 2 shows the 
reflectance spectra taken in our laboratory of 
high purity a-crystal quartz and fused silica. 
The similarity of the reflectance of the crys¬ 
talline and glassy SiO z indicate that the 
absorption bands are not strongly dependent 
on the long range periodicity of the network. 
This suggests that the absorption may arise 
from electronic transitions characteristic of 
the Si0 4 tetrahedron. The first absorption 
peak in SiO L > does not occur until 120nm 
(10-2 eV) although the transmission cut off 
occurs at lower energy (8-2 eV). Fused silica 
and crystal rv-quartz both consist of Si atoms 
tetrahedrally bonded to four O atoms, each 
O atom being common to (bridging) two such 
Si0 4 tetrahedra. The Si—O bond distance 
is roughly F6A in both materials. The 



PHOTON ENERGY {e V) 

Fig. 2. Vacuum u.v. reflectance of high purity (1) crystalline quartz 
and (2) fused silica showing the two lowest energy peaks at 10-2 
and 11 -5 eV. 


For large values of k relative to w, i.e., in 
regions of high absorption, k dominates 
equation (2) and R —► 1. Thus strong reflection 
peaks normally indicate regions of high 
optical absorption. In pure Si0 2 this is cer¬ 
tainly the case since Phillip’s data [10] indi¬ 
cate less than 0-1 eV shift between reflection 


Si—O—Si bond angle in crystal a-quartz is 
144°, while in the amorphous fused silica 
Bell and Dean [16] found that a distribution of 
bond angles with a mean value of 150° was 
obtained when a model was constructed, 
allowing for the proper constraints such as 
density, entropy, stoichiometry and bonding. 
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Recent X-ray diffraction data on vitreous 
silica by Mozzi and Warren [17] indicate the 
Si—O—Si bond angle varies from 120° to 
180° with a maximum at 144°. 

A band structure calculation for Si0 2 has 
not been performed to date. However, there 
are two recent theoretical approaches which 
have been used in an effort to interpret the 
spectra of Si0 2 . These are a valence bond 
calculation of Ruffa [ 18] and a molecular 
orbital approach of Reilly[19]. There is not 
universal agreement at this time with regard to 
the electronic transitions involved. Loh[9] 
has proposed that the 10-2 eV band is an 
exciton (i.e., a bound electron-hole pair) of 
the Si—O antibonding level and the 11 -5 eV 
peak represented an interband transition. 
This tentative assignment was made by the 
comparison of the SiO z spectra with that of 
other semiconductors and insulators on the 
assumption that in general exciton transitions 
result in sharp peaks while interband transi¬ 
tions manifest themselves as either broad 
peaks or absorption edges. Ruffa’s calculation 
gives general support of this interpretation. 
Ruffa identified the sharp (120nm) 10-2 eV 
peak with a Wannier exciton formed by the 
breaking of a single Si—O bond. The next 
broad peak at 108 nm (11 -5 eV) was attributed 
to band-to-band transitions. He proposed that 
the silicon 3 p electron freed by the breaking 
of the Si—O bond would go into a relatively 
large radius orbit about the silicon atom. If 
this were true, one might then expect the 
excited state to correspond to a Wannier 
exciton. The exciton binding energy was 
calculated to be 1 *27 eV provided that the 
electron-hole reduced mass fi was assumed to 
be 0-5 and a dielectric constant of K of 2*31 
was used. The observed separation of the two 
lowest-energy reflection peaks is l*3eV, but 
the calculated energy is quite sensitive to 
one’s choice of /jl and K. 

Reilly [19] employed a molecular orbital 
approach to interpret the valence levels of 
Si0 2 , using hybrid orbitals of a Si—O—Si 
molecule. He observed that the highest filled 


valence band of Si0 2 was probably associated 
with the oxygen 2 p valence electrons which 
do not participate in the Si—O bond, which is 
in agreement with the earlier work of O’Brien 
[20] and Mackey et al. 121]. Since the simil¬ 
arity of the absorption of crystalline and amor¬ 
phous forms of Si0 2 requires transitions 
which are insensitive to the Si—O—Si bond 
angle, Reilly proposed that the 10-2 eV peak 
arose from a transition to an exciton state 
with the hole orbital corresponding to the 
oxygen 2 p x orbital (i.e., the non-bonding 
oxygen orbital orthogonal to the SiO bonding 
orbital) and the electron orbital resembling 
the oxygen 3a. Possible explanations given 
for the 11 -5 e V peak were that it corresponded 
to a transition from the non-bonding oxygen 
p levels to the antibonding level or that it 
corresponded to the oxygen 2p-3d transition 
which is roughly 11 eV in the oxygen atom. It 
would seem, however, that such atomic-like 
transitions might be questionable since the 
3a, 3c/, and 4a levels of oxygen are rather 
close and may well be mixed in a solid. For 
example, the fundamental absorption of Ge0 2 
[22], which is structurally isomorphic to Si0 2 
and for which the above arguments should 
apply, differs significantly from that of Si0 2 . 

Effects of the introduction of alkali into Si0 2 
The introduction of small amounts (0*05 to 
0*5 mole %) Na, Li, or K into Si0 2 produced 
a significant shifting of the u.v. edge to longer 
wavelengths. For example, the effects of 
sodium doping on the u.v. absorption is shown 
in Fig. 3. A plot of the optical density vs. 
the measured alkali concentrations (see Table 
I) revealed that the induced absorption was 
directly proportional to the alkali concentra¬ 
tion. The concentration dependence of the 
optical density at a wavelength of 180nm is 
given in Fig. 4 for a series of Na doped samples. 
The optical absorption was observed to in¬ 
crease linearly with the addition of Li or K to 
the Si0 2 . The intensity of the absorption 
increased in the order Li, Na, K for a given 
alkali concentration. It was not possible to 
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160 180 200 220 240 

WAVELENGTH (nm) 


Fig. 3. Effect of the addition of sodium on the u.v. absorption of SiO*. Nominal 
doping levels are (1)0-05 mole%, (2)0-2 mole% Na, (3) 0-5 mole^ Na. ( Table 
I contains actual concentrations of sodium remaining in the fused samples). 



Fig. 4. The relation between the optical density and the 
concentration of sodium in the fused silica. This data 
wa^|pkpn for A = 180nm. The undoped material con- 
■ ■-f vSft&Ef* tai ned 0*002 mole% N a. 


determine for these samples whether the 
absorption was the result of the broadening 
or shifting of the 10*2 eV peak of pure Si0 2 , or 
whether a new band was growing in at lower 
energies. 

Alkali and aluminum doped fused silica 

Samples were also co-doped with equal 
amounts of aluminum and alkali. The u.v. 
transmittance of these samples was sig¬ 
nificantly greater than those with alkali alone, 
as illustrated in Fig. 5. There was evidence in 
some samples, especially those containing 
aluminum, of absorption near 195 nm. This 
absorption may arise from the presence of 
divalent iron impurities in the samples [6]. 

The reduction of the ultraviolet absorp¬ 
tion in lightly doped Si0 2 by the addition 
of aluminum may be evidence for the exis¬ 
tence of alkali-aluminum pairing in the glass 
[23,24]. By coordinating with four oxygens, 
aluminum can enter substitutionally for silicon 
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Fig. 5. The effect of aluminum on the u.v. absorption of alkali 
doped Si0 2 . Samples co-doped with alkali + aluminum exhibit much 
weaker u.v. absorption than those doped with alkali alone. 


in the glass network, and local charge neut¬ 
rality can be maintained if an alkali ion re¬ 
mains in close priximity to the aluminum. In 
this manner the glass network can remain 
intact without the creation of non-bridging 
oxygens as shown schematically in Fig. 6. 


alkali doped Si0 2 established that (1) the u.v. 
absorption in the 150-200 nm region was 
proportional to the alkali content, (2) at a 
given concentration the absorption edge 
shifted for different alkalis, and (3) the simul¬ 
taneous doping of aluminum and alkali re¬ 


al 


? ? 


NON-BRIDGING OXYGENS 


Na 2 0 


? 

o-s< 

i 

o 


p\ NdK 


o 

a d-i-o 

Na + A 


99 9 9no*9 SW 

(2) O-Si-O-Si-O + Na-O ♦ ALCl - 1 ■ » Si-O-Al-O-Si-O-Al-O 

6 6 6 6 6 6 

(ALL BRIDGING OXYGENS) 

Fig. 6. Schematic representation in two dimensions of (1) the 
creation of non-bridging oxygens by the introduction of Na into 
the Si0 2 network and (2) the ability of aluminum to restore the 
bridging in spite of the presence of alkali. 


These measurements are consistent with the 
hypothesis that the presence of singly bonded 
oxygens is related to the increase in absorp¬ 
tion in the 6-8 eV range. 

The transmittance measurements on the 


duced the u.v. absorption. These observations 
suggested that non-bridging oxygens were 
involved with the absorption mechanism. 

Reflectance measurements at shorter 
wavelengths were required to establish the 
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extent of the network modifier induced ab¬ 
sorption. The reflection spectra of several 
simple alkali silicate glasses were studied 
in order to clarify the nature of the alkali- 
induced absorption. 

Reflection spectra of silicate glasses 
The reflectance spectra of several high 
purity NRL silicate glasses have been meas¬ 
ured in the wavelength region of 90 to 170 nm. 
Significant changes relative to the Si0 2 re¬ 
flectance were evident in all of the glasses. 
The spectra of the glasses were characterized 
by three reflection peaks at approximately 
145 nm (8-5 eV), 130nm (9-3 eV) and 108 nm 
(ll*5eV). The reflectance of two simple 
alkali silicate glasses is shown in Fig. 7. The 


glasses. It appears that the absorption 
measured in the alkali doped fused silica 
results from this band. Since no reflectance 
measurements were possible on the alkali- 
doped fused silica samples due to size limita¬ 
tions, commercial fused silica with poor u.v. 
transmission (Infrasil) was used for the reflec¬ 
tance measurements. This material showed 
evidence of a weak 8*5 eV absorption band. 
Recently Plazoder[25] has shown reflectance 
data for what was apparently impure a-quartz 
which also shows evidence of the 8*5 eV band 
(peak labeled A in his Fig. 1), although he did 
not associate it with an alkali impurity or 
non-bridging oxygen absorption. 

Table 2 summarizes the reflectance data 
for the Si0 2 and silicate glasses which have 



WAVELENGTH (nm) 

Fig. 7. Reflectance spectra of two simple binary silicate glasses, 
(upper) I Li 2 0-2Si0 2 (lower curve) lNa^O-ZSiO*. This data shows 
the similarity of the spectra regardless of the type of network 
modifier as well as the tailing of the low energy band. 


reflectance spectra of a soda lime glass and an 
alkali aluminosilicate glass are given in Fig. 8 
along with that for Si0 2 for purposes of com¬ 
parison. This data indicate that the new band 
arises at 145 nm (8*5 eV) is responsible 
shift in the u.v. edge of alkali silicate 


been measured in the present work. All of the 
silicate glasses exhibited an absorption band 
near 8*5 eV. The type of network modifier, 
including both alkali and alkaline earth metals, 
did not appear to influence the position of 
this band as much as it did the halfwidth. This 
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WAVELENGTH (nm) 

Fig. 8. Reflectance spectra of (1) Si0 2 , (glassy) 1 Na*0-1 Ca0-5Si0 2 
and (3) 1 Na 2 0-1 Al 2 0j-3Si0 2 glasses showing the growth of new 
low energy band at 145 nm (8.5 eV) as well as the unchanged 108 nm 
(11.5 eV) band. Both bands were observed in all alkali silicate glasses 
regardless of composition. 


Table 2, Energies of reflection peaks in 
silicate glasses 


Glass type Location of reflection peaks (eV) 


SiO a (crystal) 

_ 

_ 

10-2 

11-5 

Si0 2 (glassy) 

— 

— 

10-2 

11-5 

1 Li z O—2Si0 2 

8-5 

9-3 

— 

11-5 

1 Na 2 0—2Si0 2 

8-5 

9-3 

— 

11-5 

1 Na^O—3SiO* 

8-5 

9*3 

— 

11-5 

1 Na 2 0—6Si0 2 

— 

9-0* 

— 

11-5 

1 Na 2 0—ICaO—5SiO z 

8-5 

9-3 

— 

115 

1 Na a O— 1A1 2 0—3Si0 2 

8-5 

— 

10-2 

11 *5 


‘This broad peak appears to result from contribu¬ 
tions from 8-5 and 9-3 eV peaks. The high viscosity of 
this glass during melting tends to produce a non- 
homogeneous melt. 


is evident in Fig. 7 in which the tail of sodium 
silicate glass extends to higher wavelengths 
than the lithium glass. 

The 8-5 eV band arises when network 
modifiers are introduced into the Si0 2 . The 


creation of non-bridging O" ions which occurs 
simultaneously with the addition of M + or 
M 2+ cations will increase the ionic character 
of the bonding. Since the position of the band 
is not particularly sensitive to the type of 
cation added, the large shift relative to Si0 2 
(8-5 vs. 10*2 eV) seems to result from the 
presence of the non-bridging oxygen ions. 
This conclusion is supported by the results 
on the alkali and aluminum doped fused silica 
samples. 

It would be desirable to have a calculation 
on the magnitude of the alkali-oxygen interac¬ 
tion in the silicate system and the degree to 
which the charge density of the Si—O bond 
is changed when the oxygen becomes non¬ 
bridging and a neighboring alkali is intro¬ 
duced. If the Si—O bond were sufficiently 
weakened by such an interaction one could 
predict the existence of a lower energy absorp¬ 
tion such as observed here. One should 
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probably also consider excitation of the alkali- 
oxygen bond as another possible contribution 
to the optical absorption. Such a calculation 
would be difficult since the exact positions of 
the alkali ions in the glass are not known. 

The movement of the absorption edge of 
Li a O—NaaO- and K 2 0 silicate glasses to 
longer wavelengths with increasing cation size 
could arise from a broadening of the spectra 
with ion size. The radii of the alkali ions are by 
no means small compared to the interatomic 
distance. Tha alkali ions will sit near the 0~ 
in order to provide charge compensation. The 
larger modifier ions may tend to distort the 
Si0 4 tetrahedra whereas the smaller ions may 
not. The greater local disorder present for the 
large ions might account for the broader 
spectra which they exhibit. 

In the silicate glasses the addition of large 
but equal parts of AI 2 Ot and Na 2 0 to Si0 2 
did not quench the 8*5 eV band. This is not 
surprising since a fraction of a mole % of un¬ 
paired network modifiers is sufficient to pro¬ 
duce a strong 8-5 eV absorption in the lightly 
doped Si0 2 . Nevertheless, the aluminosilicate 
glasses showed the highest reflectance in the 
11 *5 eV band which is thought to be character¬ 
istic of the bridging Si—O network. They also 
exhibited a weak 10*2 eV band. This does 
seem to indicate that aluminum is able to 
enhance the bridging in the glasses. 

The 1T5 eV (108 nm) reflectance peak 
which is found in SiO a was observed in all of 
the silicate glasses. This observation suggests 
two possibilities: (1) there is still a sufficient 
number of Si0 4 tetrahedra remaining in the 
glasses to produce the absorption charac¬ 
teristic of the bridging network, or (2) the 11 *5 
eV band arises from transitions involving 
atomic levels unperturbed by the addition of 
alkali. The first of these suggestions seems 
more probable. As the alkali content is in¬ 
creased more and more non-bridging oxygens 
are formed until the material consists of 
groups of isolated Si0 4 tetrahedra linked by 
io^c M + — 0~ bonds. It is apparently these 


isolated tetrahedra which still contribute to 
the 11 *5 eV band. 

However, if the Si—O—Si network re¬ 
mains partially intact, the question arises as 
to why the 10*2 eV band of SiO z does not also 
appear in the spectra of silicate glasses. These 
glasses exhibit a peak near 130nm (9*3 eV). 
In shape it is similar to the 10*2 eV peak of 
Si0 2 although it is not as sharp. If the 10*2 eV 
peak is a Wannier exciton of the 11*5 eV band, 
as suggested by Loh[9] and Ruffa[18], the 
change in the effective dielectric constant of 
the glass relative to Si0 2 could shift the band. 
The lack of periodicity in a glass could also 
effect the value of the reduced mass of the 
exciton. The energy of the bound electron 
hole pair in the Wannier model is given by 

E W = E (; - (3) 

where E (; is the band gap energy /x is the re¬ 
duced electron-hole mass and K is the 
dielectric constant. 

There is perhaps some question with regard 
to the use of the term ‘exciton’ in a non¬ 
periodic system. In an amorphous system, it is 
dear that excitonic motion cannot be charac¬ 
terized by a unique wave vector. However, 
Dexter and Knox [27] have stated that to the 
extent that the exciton concept is valid in 
ionic crystals, it is probably valid nTglasses 
and liquids. A Wannier exciton in a glass can 
be thought of as a localized electron-hole 
pair of large radius experiencing a hydrogenic- 
like potential dependent on the square of the 
dielectric constant of the material. If the 
Wannier model is assumed to apply in silicate 
glasses, the experimental value for E (: -Ew 
would be about 2*2 eV vs. the 1 *3 eV observed 
in Si0 2 . To account for the observed 0*9 eV 
shift would require an index change of 0 035 
in the silicate glass which is quite reasonable. 
However such a change should also affect the 
band to band transition at 11*5 eV. Another 
possibility is that the energy band changes 
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which accompany the onset of disorder 
modify the value of the reduced mass in 
equation (3). Further progress in the inter¬ 
pretation of these spectra would seem to 
hinge largely on the availability of a band 
structure calculation for Si0 2 which might 
serve as a basis for the extension to more 
complex silicate glasses. 

3. CONCLUSIONS 

The introduction of alkali oxide into Si0 2 
introduces an optical absorption band at 8-5 
eV which shifts the fundamental edge to 
longer wavelengths. The ability of aluminum 
to suppress this absorption band in low con¬ 
centrations suggests that the breakup of 
Si—O—Si bonding with the production of 
non-bridging oxygens is responsible for this 
lower energy transition. The next highest 
band near 9*3 eV in silicate glasses has been 
interpreted in terms of the Wannier model 
employed for fused silica, taking into account 
the shift of position produced by the change 
of index of refraction. The ll -5eV band in 
alkali silicate glasses appears to be identical 
with that observed in Si0 2 , i.e. a bonding to 
antibonding level transition, characteristic 
of the Si0 4 tetrahedron. 
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THEORETICAL ENERGY LEVELS AND g VALUES 
FOR THE 4 I TERMS OF Nd 3+ AND Er 3+ IN LiYF 4 
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Abstract —An analysis is made of previously reported spectra of Nd* + and Er* + in lithium yttrium 
fluoride. The parameters of the Hamiltonian H = U(LS)H 2 B f km C* m , diagonalized in the 4 I 

n km 

ground terms of these ions, are varied to reproduce reported energy levels and ground state g values. 
The resultant spin-orbit (A„) and crystal-field ( B km ) parameters are compared with those reported 
previously for calcium tungstate, and are used to predict as yet unreported energy levels and excited 
state g values. 


1. INTRODUCTION 

In recent articles fluorescence spectra to the 
J = 9/2 and 11/2 ground multiplets of Nd 3+ in 
LiYF 4 [l] and fluorescence and absorption 
spectra to the ground term of Er 34 in LiYF 4 
[2] have been reported. We have analyzed the 
4 1 ground terms of these complementary ions 
by diagonalizing the hamiltonian 

h = h £ +h x (1) 

in a Russell-Saunders basis for 4 I where H £ , 
the effective spin orbit hamiltonian [3] and 
H x , the crystal field hamiltonian[3,4] are 
given by 

= A„(L-S)» (2) 

71- 1 

and 

H* = (3) 

The parameters \ n and B km were varied to 
obtain a least squares fit between reported 
energy levels and g values for the ground 
states. The g values were reported for Nd 34 
and Er 34 by Sattler and Nemarich[5] and for 
Er 34 by Brown, Roots and Shand[2], In the 
fitting procedure, S 4 symmetry was assumed 
for the Stark field at the ion site which limits 


the allowed values of (X,m) in equation (3) to 
(2,0), (4,0), (6,0), (4,4) and (6,4), with all B km 
real except for B M . 

For Nd 34 , where only two of the four multi¬ 
plets were reported, only one spin-orbit para¬ 
meter is needed to accommodate the splitting 
between the two multiplets. Therefore, only 
X, was allowed to vary, and X 2 and X 3 were 
kept fixed at those values found by Karayianis 
and Farrar[4] for Nd 34 in CaW0 4 . Even at 
that, only a very small change in X, (from 
294*651 to 294 733 cm -1 ) was necessary to 
fit the 10 reported doublet* 1© better than 
1 cm“ J r.m.s. deviation and the ground state 
gi, to one part in 2000. The symmetry assign¬ 
ments and energy spacings of Nd 34 in LiYF 4 
are remarkably similar to those in CaW0 4 . 

For the case of Er 34 , whereas Brown et al . 
[2] reported levels in all four multiplets of the 
ground term, they did not report polarization 
measurements. We therefore assigned sym¬ 
metries to mimic those given by Wortman[6] 
for Er 34 in CaW0 4 . Owing to the similarity of 
the Nd 34 spectra in LiYF 4 and CaW0 4 , one 
might well expect a similar result for Er 3+ , 
thus justifying this choice. However, as 
pointed out by Wortman and Brown et ai, 
most lines appear both in the cr and n spectra 
for Er 34 , and the symmetry assignments are 
not as unambiguous as they appear to be in 
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Nd 3+ . The theoretical analysis is helpful in 
making assignments, but again caution is 
required as the relatively large r.m.s. devia¬ 
tions between theoretical and experimental 
energies that remain after fitting—18 cm 1 
for Er 3+ : CaW0 4 and 14 cm' 1 for Er 3 *: 
LiYF 4 ~ suggest that either some erroneous 
assignments have been made or effects 
neglected in the theory* are significant. 
Future refinements to the theory of the effec¬ 
tive spin-orbit hamiltonian are expected to 
shed light on this point. 

The purpose of the analysis reported below 
is twofold. First, spin-orbit and crystal-field 
parameters are obtained for Nd 3+ and Er 3 * in 
LiYF 4 and compared with similar parameters 
obtained in CaW0 4 . This comparison leads to 
approximate ratios of the radial integrals (r*) 
and of the lattice-dependent parameters A km 
under the assumption 

Bkm <**) A km . 

Second, the analysis predicts excited state g 
values and energy levels where measurements 
are as yet unreported. Future measurements 
of these properties are needed to corroborate 
the assignments made for Er 3+ and to test the 
method of using spin-orbit parameters ob¬ 
tained for an ion in one lattice to predict 
energy levels in a different lattice as applied 
here to Nd 3+ . 

2. NEODYMIUM 

Symmetry assignments for the lowest two 
multiplets of the 4 I ground term and for the 
two 4 F 3/2 levels of Nd 3+ in LiYF 4 can be 
deduced from polarization data of Harmer 
et ai given in Fig. 9 of their paper, t Since the 
4 I 9/2 multiplet reduces to 2r 5i6 + 3F 7(8 , then the 
fact that 3 pure cr transitions are observed 
from the lower of the 4 F 3/2 levels indicates 
this level (at 11,538 cm -1 ) is a F 7 . 8 . The level 


*See Section 8 of Ref. [3] for a discussion of this point. 
tSee Ref. [1], p. 1488. 


at 11,597 cm -1 is therefore a r 5>6 , similar to 
the assignments for Nd 3+ in CaW0 4 [7]. 

From these assignments, the polarization 
data unambiguously determine the symmetries 
of the two ground multiplets according to 
Table 1, with the exception of a level at 
2,042 cm 1 in the 4 l 11/2 multiplet (which, in- 
cidently, is the terminal laser level). Transi¬ 
tions to this level are observed both in the a 
and 7 t spectra from each of the 4 F 3/2 levels. 
Only four other levels in the 4 l 11/2 multiplet 
are observed, 2r 5 , e and 2r 7 , 8 . It is reasonable 
to assume, therefore, that the level at 2042 
cm -1 is an accidentally degenerate (or at least 
an unresolved or mixed) pair of doublets, one 
r 5 , fl and one r 7 , 8 . 

To test this assumption and to obtain a 
theoretical fit to the known levels, the level at 
2042 cm -1 arbitrarily was assigned as a r 5t6 . 
Then, and the B km parameters were varied 
to fit to the 5 levels of 4 I 9/2 and 5 levels in 
4 I 11/2 . The sixth level in 4 l u/2 (a F 7>8 ) was left 
free to see if fitting 10 out of 11 levels would 
place the free level near 2042 cm' 1 . The para¬ 
meters \ 2 and X 3 were kept fixed during this 
procedure at values found previously for Nd 3+ 
in CaW0 4 [4]. Simultaneously, it was required 
that the ground state g {l equal the value 
measured by Sattler and Nemarich[5]. The 
spin-orbit and crystal field parameters (given 
in Table 2) obtained in this manner resuit in a 
fit to the 10 energy levels within an-r.m.s. 
deviation of 0-82 cm -1 and result in theoretical 
values of g„ = +1 -988t and — 2*609 com¬ 
pared with measured values of g u = 1*987 and 
ft = 2-554. The complete set of theoretical 
energy levels and g values is given in Table 1. 

The theoretical energy of the free F 7>8 level 
for the best fit parameters of Table 2 is 
2037 cm" 1 . This value is sufficiently close to 
2042 cm' 1 to reinforce the assumption of near 
degeneracy and to suggest that there may be a 
‘satellite’Iine to the transition to the level at 


JFor a magnetic field applied in the positive z direction, 
a depressed T s orY h level is defined as a positiveg fl . 
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Table 1. Experimental energy levels and theoretical energy levels in cm -1 and g values 
for the 4 / ground terms of triply-ionized neodymium (/*) and erbium (f 11 ) in LiYF 4 


Nd 3 + : LiYF 4 Er* + : LiYF 4 

Expert me ntal U] Theo^etical n,, , Experimental* 1 Theo^etical td, 

Multiplet F cm -» cm -i Cfrr 1 cm' 1 g* g L 


4 U/i 


4 1 


11/8 


4 I 


13/2 


4 J 


15/2 


7,8 

0 

-1 

+ 1*988 

2*609 

7,8 

132 

133 

-2-104 

1-832 

5,6 

182 

181 

+2*639 

2*456 

5,6 

249 

250 

-1*353 

2*594 

7,8 

528 

528 

+2*355 

2-769 

7,8 

1998 

1998 

+ 7-297 

1*390 

7,8 

— 

2037 

-5-930 

1*285 

5,6 

2042 

2042 

-4*861 

2*586 

5,6 

2079 

2079 

+2*239 

0*559 

5,6 

2228 

2227 

-5*805 

1*817 

7,8 

2264 

2265 

+1 439 

5*544 

5,6 


3949 

-9*625 

0*727 

7,8 


3976 

+8*453 

2*229 

5,6 


3993 

+9-073 

0*224 

7,8 


4026 

-7*129 

1*976 

5,6 


4205 

-8-542 

4*072 

5,6 


4229 

-3*497 

4*435 

7,8 


4238 

+ 1*837 

7 405 

5,6 


5862 

+8*331 

5*301 

5,6 


5924 

-7*136 

5*030 

7,8 


5952 

-12-277 

0 517 

7,8 


6032 

+9-241 

0-968 

7,8 


6307 

+2-737 

8*280 

5,6 


6344 

-1115 

7-535 

7,8 


6370 

-13-907 

0-227 

5,6 


6423 

+4-570 

7*887 

r.m.s. 

deviation 

(10 levels) 0*82 



12660 

12648 

+ 1*000 

2-653 

12565 

12567 

-1 035 

1*879 

12537 

12535 

+3*025 

1-988 

12466 

12488 

-1*621 

2*003 

12360 

12352 

+2*270 

2*838 

10315 

10320 

+5*613 

3*325 

10289 

10288 

-3*987 

3*098 

10283 

10293 

-5*577 

2*448 

10235 

10256 

+0-966 

0*607 

10222 

10185 

-4-042 

2-909 

— 

10168 

+ 1*225 

5*535 

6714 

6698 

-9*354 

1*860 

6699 

6682 

+ 7*132 

4*233 

6671 

6664 

+9-480 

1*240 

6648 

6638 

-5*367 

3*936 

6554 

6564 

+ 5*571 

5 386 

6514 

6534 

-1*239 

5*984 

6511 

6532 

+ 1*543 

7*425 

280 

295 

+ 10*579 

3*901 

261 

266 

-8*768 

3*681 

240 

238 

-12*034 

1*852 

208 

201 

+ 7*888 

1*069 

55 

48 

+0*809 

5*165 

28 

28 

-0*370 

7*984 

17 

15 

-11 058 

2-586 

0 

-5 

+ 3*350 

8*214 


(25 levels) 13-70 ^ 


fa] Ref. 11 ]. fb] Calculated using Nd 3+ : LiYF 4 parameters in Table 2. |c] Ref. [2). [dj Calculated using 
Er* + : LiYF< parameters in Table 2. 


2042 cm' 1 in LiYF 4 , much as Johnson[8] 
found for the laser level of Nd 3+ in CaW0 4 . 

Levels that belong to different irreducible 
representations of a point group and that are 
almost degenerate are capable of being mixed 
by a small, symmetry-destroying perturbation 
that otherwise may be ignored. Such an effect 
can explain the observed cr , tt polarizations of 
the level at 2042 cm -1 even though it may not 
be exactly degenerate with a neighboring level. 
Under these conditions it is not possible to 
assign a given irreducible representation to 
these levels. The facts that theory predicts 
them so close and that experiment shows the 


polarizations to be mixed lend credence to an 
assumption that such mixing obtains for these 
levels. 

A previously reported calculation[9] that is 
based on the same data of Harmer et al . but 
that neglects 7-mixing was not successful in 
obtaining an adequate fit to the few energy 
levels involved (r.m.s. of 9 or 10cm _1 ). Al¬ 
though these authors neglected 7-mixing for 
this case, they obtained an equally poor fit 
for the lowest two multiplets of Nd 3+ in 
CaW0 4 by including 7-mixing[10]. It is sur¬ 
prising that better fits were not obtained since 
they used intermediate coupled wavefunctions 
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for the free Nd 3+ ion as basis functions. 
OstensiblyJ-mixing from the J = 13/2 and 15/2 
multisets that was not included in their cal¬ 
culations in either case, while small, is suffi¬ 
cient to prevent a better fit. But it would seem 
that for a system where only 8 energy differ¬ 
ences are specified* and where six indepen¬ 
dent free parameters (the B km ) are available, a 
better fit would be possible, and neglected 
effects would manifest themselves as in¬ 
accuracies in the crystal field parameters. 
From this point of view, the practice of using 
intermediate coupled, free ion wavefunctions 
to analyze crystal field data for the lanthanides 
is open to some question. For the price of 
dealing with the complexity of these wave- 
functionst apparently one does not buy too 
much. 

Besides being very simple to apply, the 
method here of using pure Russell-Saunders 
wavefunctions as a basis in which to diagonal- 
ise H automatically includes full 7-mixing by 
H x of the levels in the given term. While 
fitting just some of the levels, one obtains 
consistent theoretical energy levels and 
excited state g values for the whole term 
which can be compared with future measure¬ 
ments. In the case of Nd 3+ in LiYF 4 , future 
absorption measurements to the J = 13/2 and 
15/2 multiplets and excited state g value 
measurements will serve to test both the 
accuracy of the parameters reported here and 
the validity of the spin-orbit hamiltonian 
method of analyzing spectra. 

3. ERBIUM 

Energy levels for Er 34 in LiYF 4 given in 
Table 1 were taken from the measurements 
of Brown et al. [2] who did not report polari¬ 
zations. We therefore assigned symmetries 


’•‘Remember the sixth level in 4 l I1/2 was not reported, 
and that only the energy differences in each multiplet 
(4 in each multiplet) are independent. 

tFor the actinides, where the spin-orbit interaction is 
much stronger than in the lanthanides, these basis func¬ 
tions may be unavoidable. A reference for this case is the 
work on Np 4+ by SHARMA K. K. and ARTMAN J. O., 
J. chem . Phys. 50, 1241 (1969). 


to the levels similar to those reported by 
Wortman[ 6 ] for Er* + in CaW0 4 . In this way 
it was possible to obtain a fit within an r.m.s. 
of 14 cm -1 to 25 (out of 26) levels of the ground 
4 1 term. The spin-orbit and crystal field para¬ 
meters obtained are listed in Table 2 , and the 
set of theoretical energy levels and g values 
are given in Table 1. From Table 1 , the theo¬ 
retical ground state g values are g|, = +3*350 
and g x =8*214 whereas Brown et al. [2] report 
£h = 3*32 and g ± = 8*09. In a very dilute 
sample, Sattler and Nemarich[5] measured 
g„ = 3*137 and g± — 8*105. 

Brown et al. calculated crystal field para¬ 
meters based on splittings of ‘the 8 |SU> 
states' (presumably, the 8 doublets of the 
ground 4 I 15/2 multiplet), assuming D 2 d sym¬ 
metry which differs from 5 4 in that is also 
real. They found two possible sets of para¬ 
meters that fit their data, one with positive 
and the other with negative B 20 - We reduced 
their parameters to the B km defined by (3) and 
listed them in columns B and C of Table 3 for 
comparison with our results given in column 
A . Referring to their crystal field parameters 
as b km , the relationships we assume to our 
B km aret 

B 2 sy ~ 2 /? 20 , 

B 40 = 8 b 40 , #44 = ( 8 /^ 70)644 (4) 

fi«o = 16 <b w , B m = - (8V14/20V 

Brown et al. discarded the set with positive 
#20 (column B , Table 3) for several reasons, 
one of which was their belief that B 2 0 is nega¬ 
tive at the Y 3+ site. On the other hand, pre¬ 
liminary lattice summations of Brown and 
Morrison [ 11 ] using extrapolated neutron 
diffraction data of CaW0 4 for the lattice con- 


tThese relationships assume the b km of Brown et al. 
are equal to the (r*) A km of Wybourne. In Table 6-1 of his 
book. Spectroscopic Properties of Rare Earths , p. 165, 
Interscience , New York (1964), Wybourne has errors, 
some of which arc corrected by Eremin et al., Soviet 
Phys. solid State 11, 1697 (February 1970). 
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Table 2. Phenomenological spin-orbit and crystal-field para¬ 
meters in cm -1 and ground state g values for the 4 / terms of Nd 3+ 
and Er 3 * in CaW0 4 and Li YF 4 



Nd 8+ 

CaW0 4 

/ 

LiYF 4 

Er s+ 

CaW0 4 

LiYF 4 

^1 

294-651 

294-733 

-613 

-616-677 


-2-41864 

-2-4186 

— 19 3 

-191123 


0-04172 

0-0417 

-0-499 

-0*4819 

*10 

548-81 

502-22 

404 

346-77 

#40 

-942-41 

-964-49 

-685 

-570-54 

*44 

1004-66 

1104-94 

728 

726-66 

*00 

-1712 

-27-40 

12*4 

-65*42 

R **14 

946-84 

1019-20 

452 

510-06 

/*«4 

1-34 

34-77 

164 

121-58 

r.m.s. deviation 
Ground state 

4-33 lal 

0-82 Ibl 

18 lr] 

13-70 ,dl 

Theoretical g n 

-f 2-029 

+ 1-988 

+1 -265 

+3*350 


2-587 

2-609 

8-487 

8*214 

Experimental 

2034112] 

1-98715] 

1-251[13] 

3*137(5] 

g± 

2-538 

2-554 

8-401 

8* 105 


[a] For 26 levels, see Ref. 14]. [b] For 10 levels, this work, (c] for 26 levels, see 
Ref. [6] |d] For 25 levels, this work. 


slants of LiYF 4 give a positive B w . Our empiri¬ 
cal results (column A , Table 3) also give a 
positive # 2 o* Owing to the similarity in the 
spectra* of Nd 3+ and Er 3 + in CaW0 4 and 
LiYF 4 , and the relatively good theoretical 
fits obtained for Er 3 * with positive B 20 , we feel 
that a negative B 20 is unlikely. The agreement 
between theoretical and experimental g values 
for the gound state reinforces this view. On 
the other hand, the factor-of-four worse r.m.s. 
fit (18/4*33 = 4-2) obtained for Er 3 * with 
respect to Nd 3+ in CaW0 4 detracts from this 
view although deficiencies in the theory pro¬ 
portional to (£/F 2 ) 2 may explain this discre¬ 
pancy. The ratio of this quantity for Er 3 * with 
respect to Nd 3+ is 4*07, using £ = 890, F 2 = 
328 for Nd 3+ and £ = 2380, F 2 = 435 cm' 1 for 
Er 3+ . It is hoped that a future implementation 
of these corrections will allow for an equally 


* Invert the Er 3+ *\ levels to compare them with Nd 3+ 
as in Table I. 


good fit to the Er* + spectra and result in more 
accurate phenomenological parameters. 

4. COMPARISON OF THE B ^ 

Besides noting that the four spectra in¬ 
volving Nd 3+ and Er 3 * in CaW0 4 and LiYF 4 
are remarkably similar if the erbium 4 \ levels 
are inverted, a further, more quantitative, 
comparison can be made by considering 


Table 3. Crystal-field parameters in 
cm" 1 /or the 4 7 term of Er 3 * in LiYF 4 



A ial 

B' b] 


*20 

347 

190 

— 230 

*40 

-571 

-1184 

-1368 

*44 

111 

858 

632 

*eo 

-65 

-45 

408 

*(*64) 

510 

295 

239 

i ( *64 ) 

122 

0 

0 


[a] From Tabic 2 of this paper, [bj From 
Brown et al. (see Ref. |2]). 
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crystal field parameters. If one neglects inter- 
configurational mixing of the impurity ion 
levels and if the interaction between the 
impurity ion and the host material can further¬ 
more be characterized as an effective electro¬ 
static field dependent only on the host, the 
B kni can be factored as* 

B km = (r*)A km . (5) 

The A km depend only on the host material 
under these assumptions, and the expectation 
values of r* depend only on the impurity ion. 

Ratios of the B km for different ions in the 
same crystal give values for ratios of the radial 
integrals as in the following example, 

B km (Er)IB km (Nd) lew* = (6) 

On the other hand, ratios of the B km for the 
same ion taken in different crystals give the 
relationship between the electrostatic field 
components of the two hosts. For example. 

fl ta (LiYF«)/B ta ,(CaW0 4 )|«, 

= /4 m (LiYF,)M* m (CaW0 4 ). (7) 


*We have neglected crystal field shielding corrections 
that enter as a factor of ( I — a k ) on the right-hand side of 
(5), but that tend to cancel when ratios of B km are taken. 
See, for example. STERNHEIMER K. M., BLUME M. 
and PE1ERLS R. ¥.,Phys. Rev. 173. 376(1968). 


Ratios of the type given by (6) are expected to 
be independent of m for a given k and inde¬ 
pendent of the host material, whereas ratios 
of the type given by (7) are expected to be 
independent of the impurity ion. Deviations 
from these rules indicate, first of all, inaccura 
cies in the determination of the B km , but, more 
fundamentally, they indicate violations in the 
assumptions under which factorizations of the 
B km obtain according to equation (5). 

The above ratios were calculated from the 
parameters of Table 2 and are given in Table 4, 
Ratios involving B 60 are seen to be signifi¬ 
cantly out of line —probably as a result of the 
accidentally small values for these parameters 
which amplify any errors. 

Average ratios in the fourth column of Table 
4 are compared with ratios of radial integrals 
obtained by Freeman and Watson f 14] given 
in the fifth column. For each Mold field the 
F-W values are smaller by ratios of 0*933, 
0-693 and 0-628 for & = 2, 4, and 6. This, quali¬ 
tatively, is what one might expect on the basis 
of the nephelauxetic effect [15], 

Regarding the host-intrinsic, electrostatic 
field ratios (columns 6-8 of Table 4), the 
average values can be summarized as follows. 
The A km of LiYF 4 are, for k~ 2, 4 and 6, 
respectively, 0-89. 0-99t and 108 times as big 


tThere is no obvious reason for the k.m — 4,0 ratio to 
equal the k,m — 4,4 ratio here. An average was taken as 
an approximate, convenient way of presenting the results 


Table 4. Ratios of phenomenological crystal-field parameters for the 4 1 terms of 
Nd 3+ and Er’ + in CaW0 4 and LiYF 4 




B*.(£r)/a,„(Nd)| 

<r*W(r*) N d 

1 B km 

(LiY F 4 )IB km 

(CaWO.)l 

k,m 

CaWO, 

LiFY, 

Average 


Nd 

Er 

Average 

2,0 

0-736 

0-691 

0-713 

0-665 

0-914 

0-859 

0-886 



0-592 

0-676 

0-469 




4,4 





1-099 

0*999 

1-049 






1-587 

-5-405 

— 

6,4 

[KSSj 

0-514 

0-511 

0-321 

1078 

1-091 

1-084 


[a] The i? 60 are on the order of 30 cm -1 whereas all other B km are in the 400 to 1 000 cm" 1 area (see 
Table 2). Any errors in the therefore result in relatively huge variations in their ratios, [b] FREE¬ 
MAN A. J. and WATSON R. E., Phys. Rev . 127, 2058 (1962). These ratios become 0-680, 0 515. and 
0-373, closer to our average values, if the ( r 1) are used for Nd as calculated by SYNEK M. and 
GROSSGUT P .,Phys. Rev. At, I< 1970). 
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as those of CaW0 4 . It will be interesting to see 
if similar results are obtained for other ions as 
new measurements are reported. 
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Abstract—Phase changes of disordered alloys with composition in the binary systems of ln~Mg and 
Al-Mg are discussed in terms of the structure-dependent energy of conduction electrons. The energy 
expression is given by using the mean pseudopotential of alloy, under approximations for volume, 
valence and screening effects. The ‘^-effect’ can explain qualitatively the observed phase changes 
for both the systems, except for an appearance of the complex intermediate phases in the Al-Mg 
system. The energies are calculated for several compositions and also for lattice distortions, which 
supports the interpretation following the <y 0 -effect. 


1. INTRODUCTION 

The stability and the change of phase in a 
binary alloy system have been discussed by 
many investigators. Mott and Jones[l] dis¬ 
cussed the phase boundaries from thermo¬ 
dynamical points of view and pointed out that 
the characteristic of phase change should be 
based on the internal energy of the system at 
the absolute zero temperature. The structure- 
dependent internal energy, U , can be devided 
conveniently into two terms; one is an energy 
due to the interaction between ions and the 
other is an energy of conduction electrons. 
The latter is recognized as rather important in 
the determination of crystal structure. Among 
the various treatments as to the contribution 
of conduction electrons to U, the theory of 
‘Brillouin zone effect’ introduced by Jones[2] 
and Goodenough[3] is in particular famous. 
The Hume-Rothery rule of phase change was 
explained by adopting this theory. Massalski 
and his co-workers [4] applied it to interprete 
their experimental results on the h.c.p. £-, e- 
and ij-phases of binary systems. The variation 
of axial ratio c/a of them with composition 
was inclusively explained in terms of electron- 
to-atom ratio el A of the system. Yonemitsu[5] 


and Preece and King [6] also dealt with the 
phase changes of In-rich binary alloys from 
the same standpoint and showed that the 
phase boundaries occurred at the definite 
values of el A. 

However, as pointed out by Massalski and 
Pops [7], the theory of Brillouin zone effect 
has some difficulties in its application. For 
example, a peculiar change of the axial ratio 
of Cd-Mg alloy with composition [8] cannot be 
explained, if consideration is restricted to the 
effect of electron-to-atom ratio. Furthermore, 
this treatment is based essentially on the rigid 
band approximation and thus removes the 
characters of constituent atoms other than 
their valences. Therefore, it may be desirable 
to introduce some physical quantities of 
constituent atoms into the energy expression 
in order to discuss the phase change of an 
alloy system. 

Recently, the total energy expression for a 
binary alloy system was made following the 
pseudopotential theory[9, 10]. Hayes et al . 
[11] obtained the energy expression, at con¬ 
stant volume, for a binary alloy with an 
arbitrary degree of order and calculated the 
ordering energy for stoichiometric LiMg. 


V 
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Inglesfield[12] discussed the feature of alloy¬ 
ing behavior in terms of a single alloying 
potential and explained the ordering and the 
narrow range of homogeneity in the inter¬ 
mediate phases of HgMg and Hg 2 Mg. The 
application of his treatment is restricted to an 
alloy in which the components have the same 
valence and approximately the same atomic 
volume. Unfortunately, a large number of 
alloy systems are beyond the restriction. 
An extension of the treatment for such alloys 
will be tried rather roughly in this paper. 

In Section 2, the potential and energy of an 
alloy system is given by using atomic bare 
pseudopotentials. The approximations for 
volume difference and valence difference and 
for screening effect introduced into the evalua¬ 
tion of electronic energy are briefly discussed. 
In Section 3, the results of Section 2 are 
applied to the 1 n-Mg and AI-Mg systems. The 
observed phase changes for both the systems 
are interpreted qualitatively by means of the 

‘<7o-effect\ 

2. ENERGY EXPRESSION FOR CONDUCTION 
ELECTRONS 

Let us build an A-B binary alloy up from 
(1 — c)N atoms of type A with atomic bare 
potential w/(r), atomic volume (l A and 
valence Za, and cN atoms of type B , with 
w w fe (r), ft* and z B . The atomic potentials, 
H'Z(r) and vtV'(r), are thought to be localized 
nearly spherically around each nucleus. The 
atomic volume ft of the A-B alloy is taken to 
be equal to the weighted average of ft^ and 
ft* with composition. The volume change due 
to alloying gives rise to some modifications 
of the potential and other physical quantities 
of constituent atoms. If the volume of alloy 
varies with composition obeying the Vegard’s 
law, however, the electronic structure may not 
be directly affected by this. Then, the form of 
atomic potential of the component is treated 
as the same as in its pure metal. In addition, 
the density of conduction electrons is assumed 
to be uniform throughout crystal. The num¬ 
ber of electrons per atom, z, of an alloy system 


is thus evaluated to vary linearly with com¬ 
position. The treatment is just the same as 
that in the Brillouin zone effect. In order to 
deal with electron density rigorously, the 
reduction of it inside ion cores due to ortho¬ 
gonality hole effect [10] should be taken into 
account. Because of the approximations men¬ 
tioned above, the present approach should 
be more or less obscure. 

The total potential, W^r), of the A-B 
alloy system, acting on each conduction elec¬ 
tron, is expressed by 

r) - + (1) 

where the first term is 

W^r) = 2 w/(r-r^)+ £ w' B ‘(r-c B ), (2) 

A B 

and each sum is taken over all the sites 
occupied by A or B atoms, respectively, 
which are called the v4-site or Z?-site. The 
second term is a screening potential resulting 
from interaction between conduction elec¬ 
trons. In order to obtain the structure- 
dependent energy per atom, U v > of conduction 
electrons, the second-order perturbation 
theory is used. The crystal potential W{x) is 
treated as the perturbed Hamiltonian. This 
is probably a good approximation, if the 
atomic pseudopotentials are used as in equa¬ 
tion (2)[9, 10]. By analogy with the usual 
way, U e is given by* 

f/, = 2'iai»" , («:)|J+q>m«7)/€(g), (3) 

q 

where 

fiq) = * Jf,i(^-|f + q| 2 ) 


flW, 4 kS~<f 
4'tt 2 V 4 krq 


In 


q + 2 kp 
q 2 kf 



♦Throughout the present work, atomic units are used 
for all quantities except for energy, which is in rydbergs. 
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'<*> - 1 

(3b) 

kr = (3ir*z/n) l ' s , 

(3c) 

n= (i—c)n^ + cn B 

(3d) 

z= (1 -c)z A + cz B . 

(3e) 


In the course of derivation of equation (3) 
from equation (I), a rough assumption is 
introduced into the treatment for screening 
potential W sc { r). It is difficult to clarify the 
screening effect straightforwardly, in parti¬ 
cular, when the constituent atoms have dif¬ 
ferent valences. The screening potential is 
treated here by analogy to the procedure of 
Harrison for simple metals[9], in which the 
electron is thought to interact with each other 
through the Hartree potential only. The 
resulting expression differs from that obtained 
by Hayes et ai [11], who dealt with this 
effect rigorously, in the following respects; 
the latter has the two quantities, |a 0 (f )| 2 
and /?(f, q), whereas in the former j« 0 (f)j 36 
is set equal to unity and B(t, q) is omitted. 
According to them, for the system LiMg, 
|fl 0 (f) | 2 increases the matrix element of the 
screening potential by 6 to 8 per cent for 
important values of q. The term resulting 
from f?(f,q) decreases the screening poten¬ 
tial matrix elements by about 0*5 per cent 
for q = 0-25 a.u. and by 20 to 30 per cent 
for < 7 = 1-50 a.u. Therefore, the combined 
effect of the two corrections tends to re¬ 
distribute the screening potential in q-space, 
which is neglected in the present work. 

The matrix element (l\W b (v)\l + q) in 
equation (3) is written, using equation (2), as 

<f|^(r)|f+q> = v b (q)S(q) 

+ c(\-c)bv b {q)(S A (q)-S B (q)), (4) 

where 

v b (q) = (1 -c)v A b (q) +cv g b (q), (4a) 


A v b {q) - v A b (q)-v B b (q), 

(4b) 

v A *(q)=a-f w A *(z) r dF, 

(4c) 

S(q) = N- 1 I e^'V = (1 -c)S„(?) 

i 


+ cS B (q) 

(4d) 

and 



(4e) 


A 


v B b {q) and £ fl (q) have similar forms as 
equations (4c) and (4e), respectively. Taking 
the square of equation (4), there appears two 
cross terms which vanish only when the crys¬ 
tal in question can be built up from a primi¬ 
tive lattice. For example, these do not vanish 
for h.c.p. structure. If only a perfect dis¬ 
ordered alloy is concerned, however, they 
disappear even for h.c.p. structure (see 
Appendix). The structure factor S(q) 
vanishes unless the wave vector q is a reci¬ 
procal lattice vector which is usually 
called the normal reflection in the X-ray 
crystallography. Then, the structure-depen- 
dent energy U e of conduction electrons 
becomes 

U e = f/ c + At/ P , (5) 

0 C = 2' \S(fin)\ 2 \vHg n ) | Z /(£ W )/€(£ B ), (5a) 
A£/e=2' |c'(l — c)(S 4 (q) — 5 w (q))| 2 

c? 

X \£kv b (q)\ t f(q)le(q). (5b) 

These differ from those given by Inglesfield 
[12] in the expressions of atomic potential 
and screening effect The first term U e depends 
on the basic structure of alloy and the average 
potential v b (q). The second term A U e de¬ 
pends on the configuration of A or B atoms 
on the particular sites and also the difference 
potential A v b (q). This term plays an impor¬ 
tant role in the problem, for example, on 
order-disorder transition of alloy. For a 
perfect disordered alloy, however, A U e is 
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reduced to a quantity depending on the com¬ 
position but not on the structure [12]. Thus, 
U e of equation (5a) is a basic expression for 
discussion on phase changes at the disordered 
state. The energy U e is equivalent to that for 
the virtual crystal model. 

According to the pseudopotential theory 
[9,10], the contribution of interaction be¬ 
tween ion cores to U is expressed as an elec¬ 
trostatic energy of the lattice of positive 
point ions in a uniform negative background. 
The effect of this term is to favor the structure 
with high symmetry such as f.c.c., b.c.c. and 
h.c.p. The energy of them is small, negligible 
in fact, but it appears to increase rapidly 
with any distortion of them[l, 13]. Therefore, 
this term is necessary to be taken into account 
when a distortion is concerned. 

3. APPLICATION TO THE In-Mg AND Al-Mg 
SYSTEMS 

In order to interprete qualitatively the 
behavior of phase changes, it is very useful 
to introduce the concept given by Heine and 
Weaire[13]. The mean energy U f . is rewritten 
as 

o f -T mg.)F(g.h ( 6 ) 


where 

and 


W(gn)= 2 |S(8„)| 2 

IflJ-iT, 

F(q) = \v b (q)\ 2 f(q)!e(q). 


(6a) 

(6b) 


Here W(g„) is the structural weight of a set 



Fig. 1. Schematic phase diagrams for (a) ln-Mg and (b) 
Al-Mg systems. Ordered phases are omitted. No data is 
given by Hansen [14] for the region of 0-50 per cent 
Mg in ln-Mg alloy. 


q/2k F 



Fig. 2. F(q) curves for pure In, pure Mg and In-20 per cent 
Mg. 
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(a) 0 % Mg (c) 60% Mg («} 90% Mg 



Fig. 3. Positions of q 0 and structural weights IV (#„) of the first few reciprocal lattice vectors for 
the f.c.c., b.c.c. and h.c.p. structures for In-Mg system. 


(a) 0% Mg (c) 40% Mg (•) 80% Mg 



Fig. 4. Positions of q 0 and structural weights W(g n ) of the first few 
reciprocal lattice vectors for the f.c.c., b.c.c. and h.c.p. structures 
for Al-Mg system. 
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of the reciprocal lattice vectors fl„. The func¬ 
tion F{q) is the energy-wave-number charac¬ 
teristic for the mean energy and its curve has 
a strong convexity near q 0 , which is the first 
zero value of F(q). The effect of q„ is to favor 
the structure for which the first few recip¬ 
rocal lattice vectors avoid it. The present 
analysis is based on this <?(>-efFect. 

The phase diagrams of the In-Mg and 
Al-Mg systems [14] are shown in Fig. 1, 
where ordered phases are omitted. The 
atomic volume varies with composition nearly 
obeying the Vegard’s law in both the systems 
[15]. The values of atomic volume for In, 
A1 and Mg are 176-5, 112-1 and 156-9 a.u., 
respectively, from which the mean atomic 
volume ft of alloy were calculated by equa¬ 
tion (3d). The values of uf n (</). v aS^ and 
* {q) which appear in equation (4a) were 
obtained from the model potentials v(q) for 
them [ 16] by the relation of 

v A b (q) — {.0, A jSl)fAq)v A (q) (?) 
where e A {q) is the dielectric constant for A 


metal. For In-Mg and Al-Mg alloys, F(q) 
were calculated with various compositions 
and some of them are shown in Fig. 2. The 
positions of q n obtained are shown in Fig. 3 
for In-Mg alloys and in Fig. 4 for Al-Mg 
alloys together with the structural weights 
W{g„) of the first few reciprocal lattice 
vectors for the f.c.c., b.c.c. and h.c.p. (with 
ideal c/a) structures. All the wave number 
scales in the figures are normalized by 2 k F , 
k F being a radius of the Fermi sphere of each 
alloy (equation (3c)). 

The structures of pure In, A1 and Mg were 
discussed by Heine and Weaire[13] and 
Weaire[17], As seen from Fig. 3, the simple 
structure with lowest energy for pure In is 
clearly f.c.c. However, even for f.c.c. both 
g{ 111} and £{200} lie near q 0 , and \J P favors 
more complicated structures, which have a 
distribution of structural weight avoiding q 0 . 
Thus, a tetragonal distortion resulting from 
splitting of #{200} is realized in pure In 
(c/a = 1 -08). As Mg is dissolved into In, 
q„ shifts slightly to smaller q, but W(g„) shift 




Fig. 5. Variations of the mean energy U € with composition for b.c.c. and h.c.p., relative to that 
for f.c.c, (a) In-Mg system, (b) Al-Mg system. 



PHASE CHANGES 


2399 


appreciably to the opposite direction. 
Throughout this variation in the region from 
pure In to about 80 per cent Mg, the f.c.c. 
structure associated with the tetragonal dis¬ 
tortion remains most stable among the three 
basic structures. A degree of the distortion, 
however, is expected to decrease with in¬ 
creasing Mg content and the f.c.c. structure 
may be realized at a certain content of Mg, 
because #{200} approaches to q = 2 k F and 
then the effect of its splitting becomes less 


significant. Unfortunately, the observed 
phase diagram exhibits nothing for 0-50 per 
cent Mg region, saying only that the disordered 
f.c.c. phase is belieyed to extend to 100 per 
cent In, merging into the tetragonal structure 
of In at higher In concentration[14]. The set 
#{200} for f:c.c. lies on the position of q = 2k F 
at 90 per cent Mg and passes over it for higher 
concentration of Mg. Thus, in this region the 
h.c.p. structure becomes more favorable than 
the others, since the main structural weight 






Fig. 6. Variations of the mean energy 0 e for In-Mg system with 
tetragonal distortion (a)-(e), and distortion from ideal h.c.p. (/). 
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for h.c.p. falls farthest away from <?<>. 

For the Al-Mg system, the situation differs 
from the In-Mg system in that all the main 
reciprocal lattice vectors for the three basic 
structures lie in q > q 0 for a whole range 
of composition. It is expected from Fig. 4 
that the f.c.c. structure is more favorable than 
the others in the region from pure A1 to 80 per 
cent Mg, beyond which the h.c.p. structure 
has lowest energy from the same reason as in 
the case of In-Mg alloys. Complex inter¬ 
mediate phases observed in this system 
cannot be reproduced by the present inspec¬ 
tion. 

The above qualitative interpretation of 
phase changes by means of the ^-effect will 
be supported by the energy calculation 
according to equation (5a). In Fig. 5, the 
variations of U e with composition are 
shown for the In-Mg and Al-Mg systems, 
calculated for the other two basic struc¬ 
tures relative to U ( , for the f.c.c. structure. 
These show the phase changes consistent to 
those expected from the ^-effect mentioned 
above. Figs. 6 and 7 illustrate the 0 ( > changes 


with lattice distortion for both the systems, 
respectively. It may be understood from Fig. 6 
that the instability of f.c.c. for In-rich alloys 
in the In-Mg system decreases in its degree 
with increasing Mg content and the f.c.c. 
phase appears beyond about 40 per cent Mg, 
taking the contribution of the ion core 
energy term into account. The U e curve is 
fairly flat with respect to c/a change of 
h.c.p. structure in Mg-rich In-Mg alloys 
(Fig. 6(f)). Thus, their axial ratio is expected 
to be very close to the ideal value [18]. 
For the Al-Mg system, no lattice distortion 
from f.c.c. cannot be expected for a wide 
range of 0-80 per cent Mg (Fig. 7). 

4. CONCLUSION 

The structure-dependent energy of conduc¬ 
tion electrons is expressed by using the 
bare pseudopotential of an alloy, in which the 
components have different valence and differ¬ 
ent volume. Approximations for the valence, 
volume and screening effects are crude and 
rather convenient. An estimation of error due 
to the treatment is difficult. However, Heine 



Fig. 7. Variations of the mean energy 0 , with tetragonal distortion for Al-Mg system. 
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and Weaire[19] suggest that a volume 
difference seems unlikely to introduce very 
great errors undoubtedly and that a valence 
difference of one may not be enough to 
invalidate a perturbation theory of the con¬ 
duction electron energy. Their suggestion 
may be supported by the present application 
of the treatment to the In-Mg and Al-Mg 
systems. 
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APPENDIX 

The main part, denoting by G(q), of a cross term in 
the square of (4) is 

G(q) = S*(q)(^(q)-S B (q)). (Al) 

The structure factor 5 (q) for h.c.p. lattice is given by 

5(q) -i(l+«)6q, flli , (A2) 


where 




1 when q = q„, 
when q + 


(A3) 


and 


€ — e -*U/3>«i-f(l/3)<fc+< l/2)<ft) (A4) 

Substituting (A2) into (A 1) and using (4d), G (q) is 

(A5) 


The quantity S A (fl„) in (A5) can be rewritten as 

= ( 1 _ l c)jV {p(l~c)N+(l—p)(l—c)/V«} 

= p-{-(l~p)e. (A6) 

Whence, 

G(q)-^(1+«*)<1- (){p~ ^Sq.a,. (A7) 

Thus, G(e„) does not vanish generally. However, if 
the structure in question has a perfectly disordered 
arrangement of A and B atoms, p is thought to be equal 
to ± so that G () vanishes. 

Note added in proof. The phase diagram of ln-Mg for 
0-50% Mg region is found in Constitution of Binary 
Alloys, First Supplement, McGraw-Hill, New York 
(1965). It shows that the f.c.c. phase appears beyond 
about 40% Mg, as suggested in Section 3. 
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DETERMINATION OF LONGITUDINAL OPTICAL 
MODE FREQUENCIES BY POLARIZED SPECULAR 
REFLECTANCE INFRARED SPECTROSCOPY* 
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(Received 19 October 1970; in revised form 17 January 1970) 

Abstract - Accurate longitudinal optical mode frequencies have been determined for a variety of poly- 
crystalline inorganic materials employing simple specular reflectance techniques with polarized i.r. 
radiation. Longitudinal optical and transverse optical frequencies determined for ZnO, CaO, MgO, 
NaN0 3 and NaCI0 3 are in excellent agreement with literature values. The methods employed should 
be generally applicable to poly crystal line inorganic and organic materials. 


1. INTRODUCTION 

Polarized i.r. reflectance spectra measured 
at near normal incidence have been used in 
this laboratory to determine the polarization 
characteristics of strong i.r. transitions in 
single crystals of materials such as NaBF 4 [l] 
and KC10 3 [2]. It was shown in these studies 
that, by limiting the maximum deviation from 
normal incidence of the i.r. beam to about 15°, 
the observed frequencies agreed within experi¬ 
mental error (±1 cm -1 ) with those measured 
by transmission which were taken to be the 
transverse optical (TO) modes of the internal 
crystal vibrations. In a classic paper by 
Berreman[3], it was shown that longitudinal 
optical (LO) modes could be observed in 
polarized i.r. absorption or reflectance 
measurements on thin films of LiF using 
oblique angles of incidence. We attempted to 
extend our polarized specular reflectance 
(PSR) studies to include evaporated thin films 
and mechanically deposited surfaces of 
various crystalline inorganic materials. 

Our initial PSR measurements using angles 
of incidence varying between 40 and 75° were 
made on thin films of alkali-metal carbonates 

* Research supported by the U.S. Atomic Energy 
Commission under contract with the Union Carbide 
Corporation. 

tHolder of National Research Council of Canada 
Postdoctoral Fellowship. 


[4] which had been evaporated onto stainless 
steel substrates. The PSR spectra recorded 
qualitatively resembled the polarized absorp¬ 
tion and reflectance spectra of LiF inasmuch 
as reflection maxima were obtained at fre¬ 
quencies which corresponded to the LO 
mode frequencies determined by other tech¬ 
niques. To verify our apparent observations 
of LO modes in PSR spectra of the carbonates, 
we have subsequently investigated the spectra 
of poly crystalline surfaces of various metal 
oxides, nitrates, and chlorates. The utility of 
PSR spectra in determining LO mode fre¬ 
quencies will be illustrated by discussing the 
spectra of those materials for which the LO 
modes of certain crystal vibrations have been 
determined by different means in independent 
studies. 

2. EXPERIMENTAL AND RESULTS 
Polycrystalline surfaces of ZnO, CaO, 
MgO, NaC10 3 and NaN0 3 were prepared by 
simply spreading each finely divided powdered 
material onto a stainless steel plate. For some 
samples, it was convenient to mix the powder 
with a small amount of water and then spread 
the resulting paste onto the surface of the 
plate. The water was removed by heating the 
sample for several hours at about 180°C. Ir¬ 
regularities were removed by smoothing the 
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surface with a spatula. For NajCOa and dried sample was mounted on the optical 
Li,C0 3 , best results were obtained by evapo- bench of a Wilks model 9 MIR attachment, 
rating thin films of these materials from The angle of incidence as measured from the 
aqueous solution on a steel plate and drying normal to the surface could be varied from 
the resulting surface at 180°C. Identical between 15 and 75° by moving both the sample 
results were obtained from surfaces of the and the mirrors. Although bands due to LO 
same material that were prepared by different modes could be observed with incident angles 
methods indicating that the effects of particle as small as 30° from the normal, an incident 
size, if any, are minimal. The results of our angle of 75° was employed throughout these 
measurements of the carbonate PSR spectra measurements in order to obtain a maximum 
will be presented elsewhere[4]. intensity from the LO modes. Reflectance 

Polarized specular reflectance spectra and spectra were measured with the polarizer set 
multiple internal reflectance spectra were at 0 and 90° with respect to the plane of inci- 
measured on a Perkin-Elmer621 i.r. spectro- dence. These two polarizations will be de¬ 
photometer equipped with a AgBr polarizer, noted by p and s, respectively. Multiple 
The steel plate with the deposited smooth, internal reflectance spectra were obtained 


ZnO CaO MgO 



600 400 600 400 200 800 600 


FREQUENCY (cm'*) 

Fig. 1. MIR (M) and p and r polarized specular i.r. reflectance 
spectra of ZnO, CaO and MgO polycrystalline surfaces. 
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NqN0 3 NqCI0 3 



FREQUENCY (cm -1 ) 

Fig. 2. MIR (M) and p and s polarized specular i.r. reflectance 
spectra of NaNO a and NaC10 3 poly crystalline surfaces. 


from finely powdered samples pressed against 
the surface of a KRS-5 prism with face angle 
of 60°, placed in the Wilks model 9 MIR 
attachment. Peak frequencies measured 
from the MIR and PSR spectra are accurate 
to ±2 cm -1 . 

The 5 and p polarized reflectance spectra 
and the MIR spectra of ZnO, CaO and MgO 
and of NaN0 3 and NaC10 3 measured at 300°K 
are shown in Figs. 1 and 2, respectively. The 
results from these measurements are collected 
in Table 1 along with the LO and TO mode 


frequencies for the specified transitions pre¬ 
viously reported. The LO mode frequencies 
for CaO and MgO reported by Wilkinson [5] 
were determined by noting the position at 
which the real part of the dielectric constant 
vanished (Drudes’ method [3]) as derived 
from reflection spectra; the frequencies and 
assignments for the optical modes of ZnO 
and NaC10 3 were based on single crystal 
Raman data of Arguello et ai [6] and Hartwig 
et al.[ 7], respectively, and the LO and TO 
modes of the v z vibration in NaNO s were 
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Table 1. LO and TO mode frequencies as measured by 
PSR and MIR compared with the frequencies and assign - 
meats previously reported. All measurements reported at 

300 C K 


Material 

Frequencies (cm ') 
PSR MIR 

P s 

Other 

Assignment 


| 585 

585 

_ 

585 [nl 

LO, Quasi A lt 

ZnO 


413 

— 

413 

TO, E, 


l- 

— 

385 

380 

TO, A, 


[ 575 

568 

— 

511"" 

LO 

CaO | 

i 

290 

lc] 

286 

TO 


725 

718 


7l7 ,b1 

LO 

MgO j 

t 

402 

3% 

403 

TO 



1458 

_ 

1450 (ul 

LOl / j7 \ 

NaNOj 

11458 

1355 

1350 

1353 

toW E w) 


[1030 

1025 

— 

l030 lHl 

LO V:f{F) 


— 

— 

995 

— 

2v 4 


— 

— 

988 

988 

TO i 


978 

— 

— 

983 

LO v : \ b (F) 


— 

970 

970 

— 

7 




962 

965 

TO ^(F) 

NaClO., 

939 

938 

— 

940 

LO 


— 

— 

936 

936 

TO 


629 

626 


629 

LO v 2 


— 

— 

623 

623 

TO i/ 3 


486 

— 

— 

490 

LO v x 


— 

483 

482 

489 

TO v A 


l,l, Po!arized Raman; ,bl Analysis of i.r. reflection spectra. u) TO mode of 
CaO below the low frequency limit of MIR measurements. 


determined from analysis of single crystal 
reflection data of Ketelaar et al . [8]. 

3. DISCUSSION 

As described by Berreman [3], at the time of 
his publication there were four methods em¬ 
ployed to measure LO modes in crystals: 
(1) Measurement of <o t (TO mode frequency), 
e 0 , and c® (e dielectric constant) and use of the 
Lyddane-Sachs-Teller relation; (2) varying 
w e (LO mode frequency) to obtain the best fit 
to reststrahlen reflectance data; (3) deter¬ 
mination (by reflectance) of the frequency at 
which the real part of c vanishes; (4) inelastic 
neutron scattering experiments. A fifth 
method, polarized Raman spectra of single 
crystals, must be added to this list. Methods 
1*4 are difficult and often subject to large 


errors or uncertainties in the frequencies 
obtained. LO modes can be accurately deter¬ 
mined from polarized Raman experiments, 
but this technique is limited to the modes that 
are both i.r. and Raman active in acentric 
crystals, and the measurements should be 
made on single crystals. Finally, Berreman's 
demonstration that the LO mode can be 
observed in absorption or polarized reflectance 
measurements on thin films of LiF using 
oblique angles of incidence [3] indicated that 
this additional technique might be generally 
applied to other crystals. 

The data collected in Table 1 show remark¬ 
able agreement between the LO modes 
measured in our PSR spectra and the LO 
modes observed by other techniques. In the 
case of CaO, MgO, and NaN0 3 , we believe 
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that our measurements are more accurate than 
those previously reported For materials such 
as NaC10 3 or ZnO in which several LO and 
TO modes occur in close proximity, an un¬ 
ambiguous assignment of the observed bands 
could not be made from PRS data alone. How¬ 
ever, for crystals which have only one optical 
mode (CaO and MgO) or in which the optical 
modes occur in isolated spectral regions 
(NaN0 3 ), the results of our measurements 
show that the PSR technique provides a simple 
method for determining LO mode frequencies. 
We also measured the PSR spectra of both 
evaporated thin films and pressed surfaces of 
LiF. Our results qualitatively agreed with 
those of Berreman[3] although the peak posi¬ 
tion of the LO mode appeared to shift upward 
to a maximum of 684 cm -1 as the angle of 
incidence was increased from 45 to about 60°. 
The frequency reported by Berreman was 
669 cm -1 for an incident angle of 34° [3]. 

The p and s polarized spectra (Figs. 1 and 2 
and Table 1) exhibited the characteristics 
expected from the previous work on LiF [3]. 
The LO modes appear predominantly in the p 
polarized spectra while the TO modes are 
stronger in the s polarized spectra. The LO 
mode frequencies were observed to be slightly 
displaced toward the lower TO frequencies in 
the s polarized spectra (Table 1). The s 
polarized reflectance spectrum of NaC10 3 
shown in Fig. 2 is nearly identical with the 
reflectance spectrum obtained from a single 
crystal of this material reported by Andermann 
and Dows[9]. We found, in general, for all of 
the materials studied, the s polarized spectra 
resembled the reflectance spectra previously 
reported, exhibiting the high frequency reflec¬ 


tion minima which have formerly been cited 
as characteristic of all reflection spectra. The 
p polarized spectra, however, did not exhibit 
these minima as tfoe spectra in Figs. 1 and 2 
show. The reflectance spectra recorded with 
the polarizer removed always resembled the s 
polarized spectra. 

The MIR spectra measured for the materials 
listed in Table 1 gave no evidence of absorp¬ 
tion due to the LO components. Weak absorp¬ 
tion around 500 cm" 1 is mostly due to the 
KRS-5 prism (Figs. 1 and 2). It has been 
previously demonstrated[10] that the MIR 
technique is a superior method for measuring 
i.r. TO mode frequencies. This contention is 
further supported by the results of the present 
investigations and from recent studies of 
crystalline carbonates[4]. It thus appears that 
a combination of PSR and M1R measurements 
provide simple and convenient means for 
determining LO and TO mode frequencies in 
polycrystalline materials. 
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Abstract—The time resolved spectra and the dependence on the excitation intensity of the phonon 
assisted edge emission of CdSe single crystals have been measured in the temperature range4*2-77°K. 
It is concluded that at T2°K this emission is mainly due to the electronic transitions between donor- 
acceptor pairs, while at higher temperatures the contribution of free to bound transitions may become 
dominant. Values of the ionization energies of donor and acceptor involved have been obtained. 


1. INTRODUCTION 

The broad emission band or so called ‘edge 
emission’ consisting of a series of maxima 
spaced by the longitudinal optical phonon 
energy appears in the luminescence of several 
1 1—VI compounds. Often two or sometimes 
more series separated by a few hundredth of 
an eV are observed. The relative intensities 
of these series depend upon the crystal, the 
intensity of excitation and the temperature. 
The high energy series (HES) is usually 
attributed to recombination of free electrons 
with holes bound to acceptors (Tree to bound’ 
recombination) while the low energy series 
(LES) is interpreted as being due to donor- 
acceptor pair-recombination or ‘bound to 
bound’ recombination. 

The best proof that LES is due to pair re¬ 
combination involves the observation and 
identification of sharp lines due to transitions 
at close pairs. Such lines have been observed 
in several semiconductors [1-6] including 
direct band gap semiconductors ZnSe[7] and 
CdS[8]. The other characteristic properties 
of pair recombination exhibited by LES are, 
long nonexponential time decay, displacement 
of the band maxima to lower energies with 


*On leave from the University of Warsaw. 


time and shift of maxima to higher energies 
as the excitation intensity is increased [1-9]. 

These properties can be used for identifica¬ 
tion of the origin of the ‘edge emission’ bands 
when the discrete lines of the pair spectrum 
are not seen. 

These ‘pair lines’ have not been observed 
in CdSe. In order to obtain some information 
on the origin of the edge emission in CdSe we 
have studied: the time resolved spectra in the 
temperature range between 4*2 and 77°K, and 
the dependence of luminescence intensity on 
the level of excitation. 

2. EXPERIMENTAL 

The luminescence of CdSe single crystals 
(thin platelets) was excited by high intensity 
pulsed light from a Xenon flash tube (20 
p.p.s., 0*2 Joule per flash) and was analysed 
by a SPM-2 grating monochromator (with 
15 A/mm dispersion in the investigated 
spectral region). Spectra were taken with a 
PAR boxcar integrator followed by a logarith¬ 
mic converter. 

3. RESULTS AND DISCUSSION 

The time resolved spectra at 4*2°K with 
different retardations in respect to the 
excitation pulse are shown in Fig. 1. The 
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Fig. I. Time resolved spectra of the edge emission at 
4*2°K. The intensity of emission is in Logarithmic scale. 

positions of maxima shift with time towards 
lower energies. The halfwidths of maxima 
diminish significantly with time (from 16 meV 


at 0 /is to 3 meV at 20 /is). For longer times 
however, this tendency is stopped and after 
1 ms the maxima are somewhat broadened. A 
similar effect was observed for GaP[5]. 
Considering the shape of the high energy side 
of curves taken at 12 /is and at 20 /is one can 
detect a second hand, shifted approximately 
by 10 meV towards higher energies. 

As can be seen from Fig. 2 the high energy 
series—HES, which was hardly noticeable at 
4*2°K becomes as strong as the low energy 
series —LES at 20°K. At higher temperatures 
LES diminishes and at 60°K it is not seen any 
more. 

The position and the halfwidth of the LES 
is also influenced by the intensity of the 
exciting light (Fig. 3). Pronounced broadening 
and shift of maxima towards higher energies 
for increasing intensity of excitation is clearly 
seen. 

It is difficult to establish the exact position 
of the HES as a function of temperature and 
of the time after excitation because of the 
strong contribution of the LES at the lowest 
temperatures. It seems however, that there 



Fig. 2. Time resolved spectra of the edge emission at IOO^is after 
excitation for various temperatures (a) 4-2°K. <b) 20°K, (c) 30°K. 
Logarithmic scale. 
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Fig. 3 Edge emission spectra taken at 4-2°K (a) in a.c. 
method and in pulse method (b and c). The excitation 
intensity for (c) is 7 times as strong as for (b). Logarithmic 
scale. 

is no appreciable time shift of the HES. Taking 
this into account and the similarity to CdS 
we assume that the HES is due to the free to 
bound transitions (recombination of free 
electrons with holes trapped on acceptors) 
as was suggested earlier[10]. Extrapolating 
the position of the first (no-phonon) maximum 
of the HES to 4*2°K we can estimate the 
transition energy as l*736eV. The band gap 
at 4-2°K is T841eV[ll] so the ionization 
energy of the acceptor E a is about 105 meV. 

The observed effects in the edge emission 
of CdSe are very similar to those in CdS. The 
shift of the LES with time after excitation 
and with the change in the excitation intensity 
is easily explained by assuming that the radia¬ 
tion arises from bound to bound transitions 
i.e. from recombination of electrons trapped 
on donors with holes trapped on distant 
acceptors. It is of course of interest to find 
the values of binding energies of these donors 
and acceptors although their nature remains 
still unknown. 


It is known that in II—VI compounds the 
discrete levels in the forbidden gap are 
connected with crystal defects as well as 
impurities. These defects act also as binding 
/centers for excitons. At 4*2°K the bound 
exciton lines / 2 (exciton bound to neutral 
donor) apd I x (exciton bound to neutral 
acceptor) are the most prominent in the ex¬ 
citon spectrum. It seems reasonable to connect 
the pair spectra with these donors and accep¬ 
tors [8]. Their ionization energies may be 
estimated from the positions[ll-12] of the 
respective exciton lines by application of the 
‘Haynes rule’[13] for acceptors and the 
‘Halsted and Aven rule 1 [14] for donors (as 
in CdSe m e lm h 1). In this way we get 20 
meV for the donor and 90 meV for the 
acceptor ionization energies. This method 
gives, however, only rough estimates. 

There are only few data concerning shallow 
donors in CdSe. The donor ionization energy 
estimated from transport phenomena is in 
the range 14-30meV[l 1], Calculations by 
Trylski [ 15] and by Gorzkowski and Suffczyn- 
skif 16] give the value as 16-6 and 17*65 meV, 
respectively. Taking into account the above 
mentioned values and the value of 20meV 
from the bound exciton position, it seems 
reasonable to estimate the donor ionization 
energy in CdSe as being 18 (± 2 meV). 

With the known energy gap and the donor 
ionization energy the ionization energy of 
the acceptor involved in the ‘bound to bound' 
transition may be found. For sufficiently 
distant pairs separated by r the energy of 
emitted photons is given by 

hv = E g — E a — E d + E c (1) 

where E g is the band gap energy, E a and E d 
are, respectively, acceptor and donor binding 
energies and 

E c = e*ler (2) 

is the Coulomb attraction between the hole 
and the electron, where e is the static dielectric 
constant of the material. 
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In case of no-phonon emission of pair re¬ 
combination the assumption of a random 
distribution of donors and acceptors and of 
much higher concentration of donors than of 
acceptors (CdSe is always zi-type) leads to the 
following formula giving the intensities of 
emitted light as a function of energy at time 
f[5,6]: 

/*,(/) = loEc~ 4 exp• 

(3) 

Here W Q is the reaction constant and E c 
defined by equation (2) is the Coulomb energy. 
In this formula the zero of energy was taken 
at E u — E a — Ed- The position of the maxima at 
a given time may be obtained by taken the 
derivative of the expression (3) with respect 
to E c and setting it equal to zero. This leads to 
the formula for W Q : 

In W 0 = ~^-+ln (l —Jn/ (4) 

C'cmax \ C'd / 

where £ Pmax is the Coulomb energy found 
from the position of the emission peak at 
time t. 

The energy gap £„ in CdSe at 4-2°K 
(obtained from the exciton spectrum[U] is 
1-841 eV. 

Assuming £rt=18meV, the difference 
(£„—£ cmax ) at various times were calculated 
from equation (I), using for hv(t) the experi¬ 
mentally measured positions of the first 
(no-phonon) maximum of the LES at 4-2°K. 
Figure 4 shows (£ n -£ cmax ) as a function 
of time. From this curve the value of £ cmax 
at various times were obtained. Setting these 
values of E emax into formula (4) the reaction 
constant W 0 was calculated. The best con¬ 
stancy of W 0 with time was obtained for 
£„=109meV. On the other hand taking 
for the ionization energy of the acceptor 
the value of 105 meV obtained from the HES 
spectra and applying the same procedure as 
above, but now with respect to £ d we get for 



Fig. 4. The difference between the acceptor ionization 
energy (E a ) and the Coulomb energy (E cm ax) as a func¬ 
tion of time after excitation {E ff = J *841 eV,£ rf = 0-018 eV). 

the ionization energy of the donor E d = 
22 meV. 

The bound to bound reaction constant, 
calculated from equation (4) is l*45x 

10 7 s~ J . In the limiting case of r = oc we get 
l-714eV as the recombination radiation 
energy. Calculating the average separation 
of pairs for different times atter excitation 
(taking for dielectric constant €==10 and for 
E c value obtained from the diagram in Fig. 
4) we get r — 100 A at 10~ 5 s and r = 180 A at 
10 _3 s. The mean spacing between pairs, 
calculated from (47r/3)r 3 = 1/NA& <r) = 189 A 
at concentration 3 x 10 16 cm' 3 , Such pairs 
will recombine after a few milliseconds. The 
low value of E d and the fact that CdSe is a 
direct band semiconductor are the causes of 
the fast recombination rate. 

4. CONCLUSIONS 

From the time resolved spectra in the 
temperature range 4*2 to 77°K it is concluded 
that in CdSe, as in other II—VI compounds, 
there are two edge emission series. The low 
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energy band due to the bound transitions 
while the high energy band is ascribed to free 
to bound transitions. 

The calculated bound to bound reaction 
constant for CdSe W 0 = 1 *4 X 10 7 s _1 is smaller 
than for CdS (4 X 10 8 s” 1 ) [3]. 

The derivation of the donor and acceptor 
ionization energies, executed in three different 
ways (from exciton binding energies, from 
HES and from LES spectra) are consistent, 
giving E d * 18-22 meV and E a ~ 90-109 
meV. 
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Abstract—Nuclear magnetic resonance data for ScB 2 , YB 2 and MnB 2 are presented. These data 
together with earlier NMR data provide a complete picture of the 3 d and 4 d transition metal 
diborides: ScB 2 through MnB 2 and YB 2 through MoB 2 . The Knight shifts, electric quadrupole coup¬ 
ling constants, and linewidths of the central resonance of the 4S Sc and 11 B nuclei in ScB 2 are essen¬ 
tially temperature independent in the range 4-300°K. The boron Knight shifts .)F(B) are 0*00(1)%, 
-0 004(10)% and-0*05(2)% in ScB 2 , YB 2 and MnB 2 . respectively. ,r(Sc) - 0-07(1)% and .5T(Y) = 
0-20(3)% in the respective diborides. The difference between these values and the higher values for 
metallic Sc and Y is attributed primarily to reduced orbital and Pauli contributions. For the 3 d series 
ScB 2 to MnB 2 . the Knight shifts, electronic specific heats, magnetic susceptibilities and transport 
properties indicate increasing d-electron character with increasing group number. The quadrupole 
coupling constant of 11 B across both 3d and 4 d series does not correlate with the c/a ratio or unit cell 
volume. This may indicate deviation of the boron atoms from a planar configuration. 


1. INTRODUCTION 

To obtain information on the electronic 
structure of the transition metal diborides, we 
have observed nuclear magnetic resonance 
(NMR) spectra of the diborides of groups 
III—VII transition elements. Our results[l] 
for TiB 2 . VB 2 . CrB 2 and NbB 2 are approxi¬ 
mately the same as those already reported by 
Silver and Kushida[2]. This communication 
reports NMR results on ScB 2 , YB 2 and MnB 2 
and collates these with previous information 
on the 3 d and 4 d diboride series. 

The diborides have the hexagonal A1B 2 - 
type (C32) structure, with the transition atoms 
at sites with hexagonal symmetry (6/mmm) and 
the boron atoms at sites with trigonal sym¬ 
metry (6/m2)[3]. Thus, for both sites, axial 
Knight shifts and electric quadrupole effects 
are expected to occur. The spacing of the 
transition atoms in both a and r directions is 
almost the same as that in the pure transition 
metals [3]. The boron atoms are in interstitial 


planes where hyperfine effects of the d elec¬ 
trons can be anticipated. Various other data 
giving evidence of d electron effects are 
reviewed in the Discussion Section. 

2. EXPERIMENTAL 

The samples were prepared by pulse heat¬ 
ing compacted stoichiometric mixtures of the 
powdered elements in an argon atmosphere.* 
Three samples of ScB 2 were studied. As ini¬ 
tially prepared, the first sample contained 
some unreacted scandium metal (detected 
by NMR) and some other unidentified phases 
(detected by X-ray diffraction). After crush¬ 
ing and reheating this sample to the reaction 
temperature, the pure scandium NMR signal 
was not evident and only one weak unidenti¬ 
fied line remained in the X-ray pattern. The 


Most of the samples were obtained from Cerac Co., 
Butler. Wisconsin. U.S.A.; the remaining samples were 
prepared at the National Bureau of Standards by D. P. 
Fickle. 
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NMR and X-ray results on the other samples 
indicated that the second sample was similar 
to the reheated first sample and the third 
sample was somewhat superior. Two samples 
each of YB 2 and MnB 2 were studied. X-ray 
analyses showed some second phases in all 
four of these samples. 

The NMR spectra were obtained with a 
Varian wide-line spectrometer. Time averag¬ 
ing techniques were used to build up sufficient 
signal-to-noise ratios. The quoted results 
were obtained by averaging the results of 
increasing and decreasing field sweeps. 

3. RESULTS 

ScB 2 

Typical spectra of 45 Sc are shown in Fig. 1. 
As shown in Table 1, the value for the quad¬ 
ruple coupling constant, e 2 qQ/h , as deduced 
from the 3 pairs of satellites is the same as 
that derived from the central resonance, 
using second order quadrupole theory[5]. 
The linewidth between the two main central 
peaks varied inversely with frequency 
between v — A and 16 MHz (i.e., pure 2nd 
order quadrupole broadening). No axial 
Knight shift pattern was apparent from the 
observed spectra. From the central resonance, 
the value for v {) could be found [5] from 
which the isotropic Knight shift listed in 
Table 1 was obtained. 

The boron spectrum is similar to that of 
other diborides [1,2], The central line 
(m ~ t m = — £) shows a little structure 
in the middle* which does not disappear 
as one goes to higher frequencies (up to 
21 *5 MHz). We attribute much of this struc¬ 
ture to boron in the probe itself, as a narrow 
resonance of the empty probe occurs at that 
position. 

The n B quadrupole satellite lines were 
somewhat lower in intensity with respect to 
the central resonance for samples No. 1 
and No. 2 than for sample No. 3. Differing 


* Central structure in the spectrum of CrB 2 has been 
noted previously f2]. 




Fig. 1. 45 Sc resonance at 8 MHz and room temperature, 
(a) The central resonance as split due to second order 
quadrupole effect. The resonance was taken in the 
absorption mode averaging 304 scans, (b) The total 
resonance taken in the dispersion mode. This spectrum 
represents the average of 292 scans. The signal on top 
of the third satellite on the low field side is due to A1 in 
the probe. 


local environmental conditions at the boron 
sites are the most likely cause of this low 
intensity of the satellites [6]. although the 
reheating of the first sample did not increase 
the satellite intensity noticeably. The 11 B 
central resonance is affected only little by 
varying local environmental conditions due to 
the small hyperfine coupling constant. This is 
reflected in the constancy of the linewidth for 
the three samples. 



Table 1 * Numerical results of NMR. The estimated error in the last decimal is indicated in brackets beside each number 
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YB 2 

The NMR spectra of the two samples were 
similar and from these the values for the 
8 “Y and U B Knight shifts listed in the table 
were determined. The H9 Y lineshape showed 
some asymmetry probably due to the second 
phase. 

MnB t 

Barnes and Creel [7] have reported e 2 qQ/h 
and 9if a x values for I! B but there seems to be 
no report of .^(B) values. Our measure¬ 
ments between 8-21 MHz determine the 
value listed in the table. The lineshape of 
the central resonance of U B was rather 
symmetric and relatively broad. The quad- 
rupole satellites were poorly defined indicat¬ 
ing inferior quality of our samples to the one 
employed by Barnes and Creel. The r,r, Mn 
resonance was not observed. 


4. DISCUSSION 

Knight shifts 

The present results together with some ear¬ 
lier data for the diborides are displayed in 
Figs. 2 and 3 as a function of the transition 
atom group. The electronic specific heat 
coefficient. y eh shown in Fig. 2(a), suggests 
(neglecting electron-phonon effects) that the 
^/-electrons in ScB 2 and TiB 2 do not contri¬ 
bute significantly to the density of states at 
the Fermi surface, N y (E y ). At VB 2 there is 
some d-electron influence, which increases 
substantially for CrB 2 and a (Cr-Mn)B 2 
alloy, and then decreases rather sharply 
again for MnB 2 . The room temperature mag¬ 
netic susceptibility, x* is shown in Fig. 2(b). 
The x behavior generally follows the y e , 
curve rather well, including the slight dip in 
magnitude near TiB 2 before becoming sub¬ 
stantially larger for CrB 2 and MnB 2 . Both of 
the latter compounds exhibit magnetic order: 
CrB 2 has a Neel transition near 86°K[7,8], 
and MnB 2 has a Curie transition near 145°K 
[7,10, 11]. The electrical resistivities of ScB 2 



ScB 2 TiB 2 VB 2 CrB 2 MnB 2 


Fig. 2. Properties of the diborides ScB,. TiB 2 . VB 2 . 
CrB. and MnB 2 as a function of position of the transition 
metal in the periodic tables, (a) Electronic specific heat 
coefficient. y H . from Ref. [81. The points midway between 
(ScB 2 . TiB 2 ), (TiB 2 , VB 2 ) and (CTB 2 . MnB>) are for the 
compounds (Sc 05 , Ti 05 )B 2 , (Ti<, 5 , V 03 )B 2 and (Cr nh . 
Mn 413 )B 2 . (b) Room temperature magnetic susceptibility, 
X'. ScB. from Ref. [9]; TiB 2 up to (Cr 0 3 Mn 0 3 )B 2 from 
Ref. [8]; MnB 2 data from Refs. |7.10 and 11]. (c) Knight 
shifts of the boron resonance: ScB 2 and MnB 2 - present 
results; TiB 2 , VB 2 and CrB 2 from Refs. [ 11 and [?] 

and TiB 2 are much lower than those of VB 2 
and CrB 2 [14,15]. TiB 2 has a large negative 
Hall coefficient whereas VB 2 and CrB 2 
have near zero Hall coefficients [14, 15]. 
Such transport properties suggest the onset 
of a d-like band between TiB 2 and VB 2 
in this series. Therefore, the electronic 
specific heat, magnetic and transport pro¬ 
perties all suggest that d electron effects are 
negligible for ScB 2 and TiB 2 and become 
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Fig. 3. (a) Electric quadrupole coupling constants at 
the boron sites. For TEL of the 3 d transition metal series, 
points are connected with a solid line; for the Ad series 
points are connected with a dashed line: ScEL — present 
results; TiB 2 from Refs. [1] and [2]; VB 2 and CrB 2 
from Ref. f2]; MnB 2 from Ref. [7J; YB 2 present results; 
ZrB 2 , NbB 2 , MoB 2 from Ref. [2]. (b) c/a values: ScB 2 
and MnB 2 from Ref. [3]: TiB 2 , VB 2 , CrB 2 from Refs. 
[3] and [12]; YB 2 from Ref. [13], ZrB 2 , NbB 2 , MoB 2 
from Ref. [2]. (c) Molecular volume; ScB 2 and MnB 2 
from Ref. [3]; TiB>, VB, and CrB 2 from Refs. [3] and 
[12]; YB 2 from Ref. [13]; ZrB 2 , NbB 2 and MoB 2 from 
Ref. [2]. 

significant for VB 2 and the later diborides.* 
Figure 2(c) shows the Knight shifts of boron 
in the 3 d diborides.t There is an obvious 
trend of increasingly negative values with 
group number. Since the intra-atomic con¬ 
tributions to ./T(B) (viz. the Pauli term and the 


+ Recent band calculations of McAlister[16] for ScB 2 
through CrB 2 indicate a trend of increasing density 
of states with group number, which is consistent with 
the experimental picture. 

tA similar plot for the Ad diborides using the present 
data and those reported by Silver and Kushida[2] shows 
a strong trend toward negative JT(B) between YB 2 and 
ZrB 2 followed by small negative values for NbB 2 and 
MoB 2 . 

Sufficient electronic specific heat and magnetization 
data are not available for detailed comparisons. 


core polarization from the valence 2 p elec¬ 
tron) are if anything positive [17], the exis¬ 
tence of negative values must be 

attributed to inter-atomic effects. The 
observation of negative Knight shifts at non¬ 
magnetic sites in compounds containing a 
magnetic component is not unusual [18-21]. 
The case of silicon in V 3 Si is similar to that 
of boron in the present compounds in that the 
atomic hyperfine field is positive [17] yet 
X(Si) in V 3 Si is negative[18]. Moreover, 
the JT vs. x shows that the negative 
hyperfine field at Si is associated with the 
d electron paramagnetism [22]. These results 
have recently been ascribed to inter-atomic 
conduction electron polarization [17] and a 
similar model may apply to the diborides as 
well. Regardless of the model details, Fig. 
2(c) clearly indicates inter-atomic d polariza¬ 
tion effects which increase with increasing 
group number. The positive contributions to 
JT(B) are expected to be small because the 
hyperfine coupling constant of boron is quite 
small. In the case of ScB 2 the low density of 
d electrons noted previously suggests insigni¬ 
ficant d polarization, so that the zero value 
of JT(B) signifies an absence of hyperfine 
effects rather than the cancellation of appre¬ 
ciable positive and negative contributions. 

Knight sty** of the transition atoms sites 
in TB 2 are available for T = Sc, Y and V. In 
all cases the shifts are substantially reduced 
from the pure metal values. The values 
0 07 and 0-20% for ScB z and YB 2 compare 
with 0-25 and 0*37 per cent respectively 
for pure Sc and Y[23]. J?F(V) is 4-0*58 per 
cent in pure vanadium [24] and —0*3 per cent 
in the diboridefl, 2,8], It has been estab¬ 
lished that the dominant contribution to X(V) 
in pure V arises from orbital paramagnetism 
[25]. The anticipated orbital shift for pure 
Sc and Y is smaller but still may be the 
dominant contribution to the observed shift. 
The still lower values for J^(Sc) and ,3T(Y) 
for the diborides could result from a decrease 
in the positive shift contributions (orbital 
and Pauli) or from an increase in the mag- 
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nitude of the negative contributions. A 
vs. x plot would distinguish these pos¬ 
sibilities but unfortunately this is ill-deter¬ 
mined because neither nor x has much 
temperature dependence. In view of the ab¬ 
sence of d character in ScB 2 indicated by the 
data in Fig. 2, the reduction in ./T(Sc) between 
the metal and diboride must be primarily a 
reduction in the positive terms, the largest 
of which may be the orbital term. Sup¬ 
pression of the orbital term in of VB 2 
would help to account for the large reduction 
from the pure metal value in this case also.* 

Electric quadrupole interaction 

Figure 3 compares the boron quadrupole 
coupling constants for the 3 d and 4 d diborides 
with the c/a ratios and the unit cell volumes. 
While the latter two quantities decrease al¬ 
most monotonicly with increasing transition 
group number, the coupling constants first 
decrease and then increase. Evidently the 
electric field gradient (EFG) at the boron 
sites is not a simple function of the volume 
or tetragonality of the space available at 
these sites. 

One factor which has not been mentioned 
in previous discussions of the EFG is pleat¬ 
ing or puckering of the hexagonal boron rings 

[26] , The symmetry of the A1B-, space group 

(27] does not require the boron atoms of each 
ring to be co-planar; alternate atoms may be 
situated 5 above and below the central plane 
of the ring. Such pleating of the boron rings 
would increase the B-B spacings and decrease 
the B-T spacings. Since the threefold sym¬ 
metry at the boron sites would still prevail, 
the asymmetry parameter of the NMR 
pattern, = (d*K/dji»-d a V/ay*I/(a*K/d^), 
would remain zero, and the spectrum would 
not reveal the pleating. Nevertheless, the lack 
of correlation between the observed EFG and 


*Here again, the lack of any strong temperature 
dependence of X(V) or x for VB # [8] precludes the 
application of a X-x plot to identify the d contribution 
to.5T(V). 


the unit cell parameters in Fig. 3 indicates 
the importance of other varying factors, one of 
which may be the degree of pleating. 


5. CONCLUSION 

A review of existing data on electronic 
specific heat, magnetic and transport pro¬ 
perties of the 3 d diborides has suggested 
negligible d electron effects in ScB 2 and 
TiB 2 and obvious d effects commencing with 
VB 2 . Qualitatively consistent with this 
picture, the boron Knight shift is zero in 
ScB 2 and becomes increasingly negative 
(indicative of inter-atomic d polarization) 
in the subsequent 3 d diborides. In view of the 
lack of d character in ScB 2 , the smaller 
Knight shift of Sc in ScB 2 than in pure Sc is 
ascribed to smaller Pauli or orbital shift 
contributions rather than to greater d polariza¬ 
tion. The smaller values of ./T(V) in VB 2 rela¬ 
tive to that in pure V may result from both 
weaker orbital and stronger d polarization 
effect in the diboride. Although there is less 
information on the 4 d diborides, the Knight 
shift data suggest qualitative similarities with 
the 3d diborides. 

The lack of correlation of the EFG at the 
boron site with the volume or tetragonality 
of the unit cell has suggested that the magni¬ 
tude of pleating of the boron ring structure is 
an important factor. As yet there is no quanti¬ 
tative information on the pleating magnitude 
with which to test this hypothesis. 

Finally it should be noted that previous 
investigations of more metal-rich borides 
(T Z B and TB) have suggested a rigid-band 
correlation with the band structures of the 
pure transition elements[28,29]. Such a 
correlation for the diborides is not obvious. 
A recent NMR study of the various vana¬ 
dium borides[30], shows that Jf(V) varies 
systematically with the number and configura¬ 
tion of adjacent boron atoms. Further studies 
of this sort would aid in developing correla¬ 
tions between the electronic structures of the 
diborides and the pure transition metals. 
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Abstract —The extrapolation method of calculating frequency distribution functions is extended to 
trigonal crystals. The generalization of this method for the calculation of spectral functions can be 
conveniently accomplished by filling the volume of integration in wave-vector space, by rectangular 
prisms only, in an exhaustive manner. This is achieved at the cost of using a zone larger than the 
irreducible Brillouin zone. The way by which the Brillouin zone is transformed into a ‘practical’ zone 


is described. 

1. INTRODUCTION 

The extrapolation method [1-4] for calcu¬ 
lating frequency distribution functions has 
been extensively used in recent years, and 
has proved to be an accurate and rapidly 
converging technique of calculating densities 
of states and derived properties. Its generali¬ 
zation to the calculation of spectra in solids, 
which takes into account transition probabili¬ 
ties (i.e., matrix elements) has recently been 
accomplished for the imaginary [5] and real 
parts[6]. In order to perform a computation 
of spectral functions in solids one is in general 
in need of a model which gives simultaneously 
the dispersion relations in ^-space (i.e., 
o>=a>j(q)) and the ^-dependence of the 
transition probabilities (i.e., Fj(q,w) according 
to the notation of Refs. [5] and [6] or | < j' 
\M(q)\j > | 2 ). Given such a model one should 
be able, in principle to calculate various spec¬ 
tra (i.e., intensities /(o>) vs. energy fiw) to a 
high degree of resolution and compare them 
with experiment. The present method enables 
one to extract in a reliable manner fine fea¬ 
tures inherent to the model, which might 
otherwise be completely obscured by cruder 


^Supported in part by Volkswagen Foundation, 
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computations. With the aid of electronic 
computers the computational resolution of 
/(a>) can easily match and even exceed current 
experimental resolutions and can therefore 
serve in comparison with experiment as a 
dependable test of the validity of a given 
theoretical model. Examples of such experi¬ 
ments are the current-voltage (/-V) charac¬ 
teristics of tunneling experiment in super¬ 
conductors, phonon or magnon assisted optical 
transitions between electronic states, localized 
modes due to impurities observed in i.r. 
spectra, and other examples. Typical resolu¬ 
tion in such experiments is of the order of 
01 cm" 1 or less. In other words, if w m de¬ 
notes the range of the spectrum and Aw 
is an estimate of the experimental resolution, 
then w m /Aw is typically of the order of 10 3 —10 4 * 
The extrapolation method can readily match 
and exceed the above estimates. 

The extrapolation method has already been 
worked out for cubic [1-2] hexagonal [3] and 
tetragonal [4] systems. The motivation for the 
present extension to the trigonal system is the 
recently measured[7] optical side bands due 
to magnons in antiferromagnetic FeCl 2 , a 
crystal which has trigonal symmetry. In the 
present article we present only the method of 
extension of the extrapolation method to 
trigonal crystals. Its actual application will be 
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published [7] together with the experimental 
data. 

In essence, the extrapolation method is a 
technique of integration over a specified 
volume in reciprocal space, which yields in an 
exhaustive manner all the normal modes of 
vibrations or other elementary excitations 
such as spin waves dispersion relations, 
electronic band structure, etc. This integration 
is usually accomplished by filling this volume, 
which in many cases is just the irreducible 
part of the first Brillouin zone (IBZ), with 
simply shaped small volumes such as rec¬ 
tangular and triangular prisms. In all cases 
so far [1-4], except for the hexagonal crystals, 
it was found possible to fill the IBZ with only 
rectangular prisms. The rectangular prisms 
are more easily accessible to computation 
than the triangular prisms[3] are. Moreover, 
it was found that if matrix elements are to be 
included in the calculation for the purpose of 
computing spectral functions other than mere 
densities of states, it may be even more 
difficult to treat the triangular prisms. 

In this study we develop a method which 
enables us to calculate densities of states and 
spectral functions for hexagonal and trigonal 
crystals. This is achieved in two stages: First 
it is shown that it is possible to reconstruct 
the trigonal IBZ from six hexagonal IBZ’s. 
The connection between the two different 
lattices is demonstrated by choosing a new 
hexagonal unit cell, which has three times as 
many atoms in comparison with the original 
trigonal primitive cell. Secondly we demon¬ 
strate that by enlarging the hexagonal IBZ it 
can be filled with rectangular prisms only. 

2, EXTENSION TO TRIGONAL LATTICES 

The trigonal lattice (Fig. 1) can be construc¬ 
ted from three primitive translations that form 
basis vectors for a rhombohedral unit cell. 
The elementary translations are given by 

a! = (J,0,r), 
a 2 = (— j/ 2, V3 $/2,r), 

*3 = (-5/2,- V3 j/2,r). 



Fig. I. Trigonal lattice, and basis vectors for trigonal 
fa,.a 2 .a 3 ) and hexagonal (a' r a' , a' 3 ) symmetries. 

where r and 5 are given by the hexagonal lat¬ 
tice parameters a and c using the relations 

j = a! VJ; r =■ c/3, (2) 

and the volume of the primitive rhombohed- 
ron is 3 V3s 2 r/2. Examples of crystals with 
a trigonal lattice are CdCl 2 , NiCJ 2 CdBr 2 
and FeCl 2 , with one chemical unit per primi¬ 
tive cell. For instance, in the case of FeCl 2 
the Fe atom is located at (000), and the two 
Cl atoms are at (00 ±u) respectively, with w 
close to 0.25 c. 

Next we define a new basis, namely 

a; = (3s/2,~ V3 s/2,0), 
a£ = (0, V3 s, 0), (3) 

«3 = (0,0,3r) 

and we obtain a unit cell which contains three 
equivalent primitive trigonal cells. Its volume 
is (#V3s 2 r/2). The symmetry of the new 
lattice generated by these translations is 
(1) hexagonal. Evidently the hexagonal lattice 
is simpler than the trigonal one, and more- 
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over, the problem of obtaining phonon den- 
sites of states for hep crystal has already been 
treated[3]. This is the main reason for using 
the transformation of equation (3). On the 
other hand, by so doing we increase the num¬ 
ber of atoms per unit cell by a factor of 3. 
The apparent consequence of this would be to 
raise by the same factor the dimensionality 
of the phonon dynamical matrix, or the 
Hamiltonian matrix for the magnons. This, 
however, can be avoided, as we presently 
show. 

Starting with the trigonal basis vectors a* 
in real space, as given by equation (1) we form 
the reciprocal lattice vectors b* given by the 
usual relation 

_ Bj x aj 

k ~ JVfPTJi (4) 

where /, j and k form a cyclic triade. Specifi¬ 
cally, the b k are given by 

b, = (2/3 5,0, 1/3 r), 

b* = (- l/3s.V3/3s, l/3r) (S) 

b 3 = (— 1/3.?, —V3/3$, !/3r), 

and the trigonal first Brillouin zone is shown 
in Fig. 2. 

In a similar way, the reciprocal lattice 


vectors for the hexagonal symmetry, namely 
b* can be constructed by using the direct 
space basis given in equation (3). The b* 
are given by 

i ' 

b; = a/35,o,'o), 

b;=(l/3s,V3/3s,0), (6) 

b; = (0,0,1 /3r), 

and the first Brillouin zone is shown in Fig, 3. 
Its volume is 1/3 of the volume of the trigonal 
Brillouin zone. It can be shown by using 
symmetry arguments that the irreducible 
Brillouin zone (IBZ) of the trigonal lattice is 
1/12 of the full zone. This is exemplified in 
Fig. 4. Likewise, the IBZ for the hexagonal 
case is 1/24 of the full zone. Taking this into 
account and bearing in mind that the number 
of atoms per unit cell has been multiplied by 
three, the hexagonal IBZ is contained exactly 
six times in the trigonal IBZ, By applying 
suitable manipulations based on symmetry 
operation, one can reconstruct the trigonal 
IBZ so that it includes exactly six hexagonal 
IBZ. Although these manipulations are 
quite elementary, it is not easy to describe 
them literarily in detail. For the purpose of the 
present discussion it is sufficient, perhaps, to 
say that these manipulations consist mainly of 
symmetry operations which remove parts of 


b, 



Fig. 2. Trigonal first Brillouin zone (for r < s\\/ 2). The labels 
of points of high symmetry follow Roster (Ref. [9]). 
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Fig. 4. Trigonal IBZ is represented by solid lines. The 
thin lines represent the edges of the trigonal practical 
zone (TPZ). which is equivalent to six hexagonal 1BZ. 


the shape of the trigonal IBZ shown in Fig. 4. 
and replace them by adding equivalent parts 
from outside the trigonal IBZ. The zone 
which is thus generated is to be referred to as 
the trigonal ‘practical' zone (TPZ) and it 
includes all and only non-equivalent points. 
For example we demonstrate one of these 
manipulations. The line A' in Fig. 4, which is 
a 2-fold axis, can be used to transform by 
rotation a part of the extra volume between 
q z = — l/3r and q z = l/3r into the missing part 
between the planes q z = 1/3 r and q z = 1/r. 
It should be emphasized that the practical 
zone is certainly not contained in the first 


trigonal IBZ, although it is equivalent to it 
in all other respects. 

This construction enables us to carry out 
density of states computations for the 
entire trigonal IBZ by using only one of the 
six hexagonal IBZ shown in Fig. 4. This can 
be performed by using the method described 
by Raubenheimer and Gilat[3]. The advan¬ 
tage of this is mainly in transforming the 
problem of computing densities of states for 
trigonal lattices into an already solved prob¬ 
lem. This is done at the apparent cost of 
increasing the size of the phonon dynamical 
matrix (or the magnetic Hamiltonian) by a 
factor of three. This, however, is avoidable, 
because as a matter of fact we know before¬ 
hand how to express the dynamical matrix 
appropriate to the primitive trigonal crystal. 



Fig. 5. Three hexagonal irreducible zones are joined into 
a practical zone for the purpose of calculating spectral 
functions. 
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In other words, we can define two wave- 
vector q ( and q*, where q f varies over the 
TPZ and q h over the hexagonal IBZ. q, and 
q h are related by f 

q< = q A + {(/-4)/3r}e 2 (7) 

where e* is a unit vector along the z- axis, 
and / is an integer which labels the different 
hexagonal IBZ in Fig. 4 and satisfies the 
condition 1 ^ ^ 6. It is obvious that by 
expressing the phonon dynamical matrix, 
(or the magnetic Hamiltonian) as a function 
of q t rather than of q*, one is able to retain 
the original (trigonal) relative simplicity for 
these expressions. 

Another source of complications is brought 
about by employing triangular prisms (wed¬ 
ges) as zones of integration without the 
restriction that the gradients lie in the hypo- 
thenum plane (HBrK in Fig. 3). With this 
restriction the analytical formulae for the 
integration in wedges were written for the 
hexagonal case. As the hypothenum plane 
is not a mirror plane in the triangular lattice, 
the wedges used in the hexagonal case cannot 
be used for the trigonal IBZ. A brute force 
method of avoiding these shapes is to enlarge 
the hexagonal IBZ by a factor of threef 10], 
as shown schematically in Fig. 5. The advan¬ 
tage of this enlargement is especially signi¬ 
ficant when one is interested in computing 
spectral functions 7(o>) derived from transi¬ 


tion probabilities^]. Recently, Dalton[8] 
proposed a general method for obtaining the 
expressions of Gilat and Kam[5] required for 
the calculations of spectral functions from the 
earlier expressions of Gilat and Raubenheimer 
[2,3] for the calculations of density of 
states. Dalton also extended the analytical 
formulae of integration for wedges without 
the restriction on the direction of the gradient. 
As a result of his work triangular prisms have 
become more accessible for computations. 

Acknowledgement — We would like to express our 
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Resuml-Apr&s un expose des proprietes cristallographiques et magnetiques de Mn 8 0 4 , on montre 
que la structure magnetique a 4,2°K determinee par diffraction de neutrons est composee de 8 sous- 
r£seaux repartis sur une maille double de la mailie chimique. L’6tude de revolution thermique du 
motif a permis de mettre en evidence un point de transition k 33°K correspondant a un brusque re¬ 
arrangement des moments dans la maille. 

Abstract-After a survey of cristallographic and magnetic properties of Mn 3 0 4 , we show that the 
magnetic structure at 4‘2°K determined by neutron diffraction measurements is divided into 8 sub¬ 
lattices in a cell the volume of which is twice the chemical one. The study of thermal variations allows 
to show a transition point at 33°K. corresponding to a rearrangement of moments in the cell. 


1. PREPARATION ET PROPRIETES 
CRISTALLOGRAPHIQUES 

La preparation de Mn 3 0 4 sous forme 
polycristalline a deja ete decrite par Tun 
d’entre nousfl]. Rappelons seulement que ce 
corps, qu’il soit trempe ou refroidi lentement 
jusqu’a la temperature ambiante, possede 
toujours les memes proprietes cristallographi¬ 
ques (dimensions de la maille, groupe d’espace, 
parametres de l’oxygene) et magnetiques 
(intensite d’aimantation a 4,2°K, temperature 
de Curie). 

II cristallise dans le systeme quadratique; 
des spectres de rayons X a 300°, 77° et 4,2°K 
ont montre que la maille varie peu avec la 
temperature comme le montre le Tableau 1 
[2]. Les valeurs trouvees sont en bon accord 
avec celles que donne la litterature a ce sujet 

in 

Le groupe d’espace est Dll (1 4j/amd). II 
s’agit d’un spinelle deforme dont les ions 
oxygene sont en position 16 h (coordonnees 
reduites 0, x, z) et les ions manganese en posi¬ 
tion 4 a et 8 d. Un premier spectre de diffrac¬ 
tion neutronique a ete fait a la temperature 


*l.aboratoire de Magnetisme, Faculte des Sciences de 
Paris, Tour 22. 11, Quai St Bernard, Paris 5 eTne . 


Tableau 1. Parametres de 
la maille de Mn 3 0 4 a 
T = 300,77,4.2°X 


7TK) 

«(A) 

c(A) 

cl a 

300 

5,763 

9.456 

1,64 

77 

5,756 

9,439 

1,64 

4,2 

5.756 

9,439 

1,64 


ambiante (soit au-dessus de la temperature 
d’ordre magnetique). Un calcul par la methode 
des moindres carres portant sur les treize 
premieres raies mesurees correspondant a 25 
reflexions a permis de preciser les parametres 
de 1’oxygene: !e facteur d’agitation thermique 
ayant ete pris isotrope, les valeurs trouvees 
sont x — 0,227 et z = 0,383. Le Tableau 2 
donne la comparaison entre les valeurs 
experimentales et calculees; le facteur de 
confiance R = S|/ ca i — /oi>s|/S/ ca i est de 5 pour 
cent. 

2. PROPRIETES MAGNETIQUES 
La courbe 1 lx(T) representant 1’inverse de 
la susceptibilite en fonction de la temperature 
(Fig. 1) est caracteristique d’un compose 
ferrimagnetique[4]. La temperature de Curie 
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Tableau 2, Intensites nucleates ex 


pMmentales et calcultes (temperature 
ambiante) JF z i(sin 6 sin 26) exp (-2B 
(sin 2 6)1 A 2 ) en barns par maille (a, a, c) 


hkl 



hkl 

l exp. 

^cal. 

101 

24 

106 

312 

196 

194 

112 

204 

184 

303 

1000 

998 

200 

78 

78 

321] 



103 

620 

698 

224} 

410 

536 




215j 



2i r 

1 


116] 



202 

> 13024 

12744 

314 1 

292 

388 

004^ 

1 


400 | 






323 J 



220] 

1698 

1816 




213J 



411] 






2061 



301 

264 

206 

4021 

3018 

3304 




305 J 



204 

140 

1 16 




105 








Fig. 1. Variation de I’inverse de la susceptibilite en 
fonction de la temperature. 


est de 42,5°K, valeur en parfait accord avec 
d’autres mesures[5]. Pour T > 400°K, l/*est 
une fonction lin^aire de T et son extrapolation 
donne une temperature de Curie asymptotique 
de —564°K traduisant Texistence de fortes 
interactions antiferromagnetiques; ie moment 
paramagnetique exprime en magnetons de 


Bohr par atome magnetique deduit de la pente 
de Tasymptote (5,27 fi B ) correspond a celui 
calcule avec la formule ionique Mn 2+ Mn 3+ - 
Mn 3+ 0 4 “ en prenant pour valeurs de moments 
celles correspondants aux spins seuls (« eff = 
5,24 p p ). 

Au-dessous de 42,5°K, Mn 3 0 4 est ferri- 
magnetique et la courbe de premiere aimanta- 
tion a 4,2°K obtenue en champs pulses [4] 
(Fig. 2) montre que: 

(a) Tanisotropie magnetocristalline est 
importante, la partie lineaire de la courbe 
n’etant atteinte qu’avec des champs superieurs 
a 50 kOe; 

(b) aucune saturation n’est obtenue a 
200 kOe; 

(c) 1’extrapolation a champ nul donne une 
aimantation spontanee de 1,65 ^/molecule. 

Ces resultats en champs pulses sont sem- 
blables a ceux obtenus par Jacobs [6] qui avait 
alors demontre que les moments en site B 
devaient prendre une configuration non colin- 
eaire et dont la resultante devait etre plus 
petite que celle des moments en site A. 

Dwight et Menyuk[7] ont mesure sur 
monocristal une aimantation spontanee de 
l,85/x fl /molecule; celle-ci est dirigee suivant 
un axe [100J. L/anisotropie dans le plan (010) 



Fig. 2. Variation de I’aimantation en fonction du champ 
= 4,2°K. 
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est considerable: ils trouvent dans Pexpression 
de Penergie d’anisotropie (E c — K c sin 2 0) 
K c = 10 7 ergs/cm 3 . Dans le plan (001), des 
champs relativement petits sont capables 
d’orienter Paimantation du corps suivant les 
differentes directions de facile aimantation 
[100] et [010] (quelques kOe suffisent). 

3. STRUCTURE MAGNETIQUE A 4,2°K 
Deux spectres de diffraction de neutrons 
(\=I,140A) ont ete faits sur poudre a 
4,2°K, Tun avec champ magnetique de 15 
kOe dirige suivant le vecteur diffusion et 
P autre sans champ (Fig. 3 et 4). Par com- 
paraison avec le spectre a temperature 
ambiante, on remarque un certain nombre de 
raies nouvelles d’origine purement magneti¬ 
que qui s’indexent toutes dans une maille 
double de la maille chimique (le sens du 
doublement etant dirige suivant Paxe [010]; 
doublement etant dirige suivant Paxe a ou b) 
[8]. Dans la suite nous admettrons que la 
maille est doublee suivant Paxe [010]; les 


indices des reflexions seront done exprimes 
dans la maille a, 2a, c. 

L’examen des deux spectres conduit aux 
constatations suivajites: 

(A) Les raies 010, 001, 011, 100, 020 sont 
nulles. On en deduit alors que le motif 
magnetiqile a 4,2°K est compost de 8 sous- 
reseaux repartis comme suit (les coordonn^es 
et les translations sont notees dans la maille 
chimique a, a, c). 

(1) Dans le site tetraedrique 4a, deux sous- 
reseaux porteurs de moments Tj et T 2 cor- 
respondant aux positions (0, 0, 0 (+ 4 ± 4)) 
(+010) et (0,U(+444))<+010). 

(2) Dans le site octaedrique 8d 

(a) Deux sous-reseaux de moments Ri et R 2 
en position (0, i, f (+4H)) (+010) et (4, 4, 
4 (+ 444 ) (+ 010 ). 

(b) Quatre sous-reseaux de moments Sj, S*, 
S 3 et S 4 ; Sj correspond aux positions (4, 0,4) et 
(i i 4); S 3 aux positions (4, i 4) et (i 0, f) (la 
translation 444 n’etant pas une operation de 
symetrie pour les moments magnetiques). 
Les positions de S 2 et S 4 se deduisent respec- 
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Fig 3. Spectre de diffraction de neutrons a 4,2°K \ = 1,140 A — H = 0, les zones hachur^es reprdsentent les 

raies nucleates. 
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Mn 3 0« 

Fig. 4. Spectre dc diffraction de neutrons a 4,2°K \ — 1,140 A, H = 15 kOe, les /ones hachurees repre¬ 
sented les raies nucleates. 


tivement de cedes de S x et S y par la translation 
+b(|b| = a), Ce sont ces quatre sous-reseaux 
qui doublent la maille suivant b. 

(3) les moments T]4-T 2 , Ri+R 2 , Si + S 2 "b 
S 3 + S 4 et Paimantation resultante sont diriges 
suivant Paxe [010]. 

(B) La raie 101-021 est particulierement 
interessante en raison de sa forte intensite 
magnetique; les 2 reflexions, quoique con- 
fondues sur les spectres, peuvent etre connues 
separement En effet, considerons un cristallite 
en position de reflexion et dont la maille est 
doublee suivant Paxe b. 

(a) Si un champ magnetique est applique 
suivant la direction [021], Paimantation ne 
change pratiquement pas de direction en rai¬ 
son de la tr£s forte anisotropic existante dans 
tout plan passant par c[7] et Pintensite de fa 
reflexion 021 reste done inalteree. 

(b) Si le champ est maintenant applique 
suivant la direction [101], Paimantation tourne 
pour venir se placer au voisinage de Paxe a 
(direction de facile aimantation la plus proche 


de cede du champ); la maille est doublee alors 
suivant cet axe et ce phenomene s’accompag- 
ne d’une rearrangement des moments magne- 
tiques S< et R, respectant la symetrie d’ordre 
4 du crista!. 11 s’ensuit que la reflexion notee 
101 (maille a, 2a, c) sur le spectre sans champ 
devient une reflexion 201 (maille 2a, a, c) sur 
le spectre avec champ. Les intensites des 
reflexions 201 (maille 2a, a, c) et 021 (maille 
a, 2a, c) etant egales, on a dans le cas du spec¬ 
tre avec champ Pegalite /ioi-ui = 2 / 021 . 

Si on admet que dans cette nouvelle posi¬ 
tion, Porientation du motif magnetique et la 
disposition relative des moments sont 
independants de la valeur du champ exterieur 
(au moins tant que celui-ci reste inferieur a 15 
kOe), la relation precedente donne Pintensite 
de la reflexion 021 sur le spectre sans champ 
et par voie de consequence Pintensite de la 
reflexion 101. 

(C) Dans le spectre avec champ, la con¬ 
tribution magnetique de la raie 200-040 est 
nulle; par un raisonnement analogue au prece- 
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dent on en deduit alors que la reflexion 040 
dans le spectre sans champ a une intensite 
nulle. 

Ces differentes constatations jointes aux 
valeurs des intensites magnetiques des raies, 
permettent alors de determiner la disposition 
et les grandeurs des moments des sous- 
reseaux. Nous admettrons que T x et T 2 ont 
meme module, cette hypoth&se 6tant faite 
aussi pour R lt R 2 d’une part, S 1 S 2 S 3 S 4 d’autre 
part. 

T, et T 2 (comme Rj et R 2 ) sont dans un plan 
(100); ils admettent la direction [010] comme 
axe de symetrie (Tj + Tj est antiparallele a 
R, + R*). Sn S 2 , S 3 et S 4 se repartissent sur un 
cone d’axe [010]. Ils sont symetriquement 
disposes par rapport aux plans (100) et (001) 
(S x + S 2 + S 3 + S 4 etant parallele a R, + R 2 ). 

La structure est representee schematique- 
ment sur la Fig. 5. 

4. RESULT ATS NUMERIQUES 

Mn 3 0 4 est quadratique et la distorsion de sa 


maille est dfie 4 l’ion Mn 8+ qui, par effet Jahn- 
Teller, d^forme le site octaedrique. Ainsi 
qu’on Pa montre par ailleurs[l], pour obtenir 
un effet Jahn-Telier coop6ratif, il faut que la 
concentration d’ions Mn 3+ en site octa6drique 
soit grande; la forte valeur du rapport cl a con¬ 
duit 4 penser que la ’formule ionique est 
Mn 2+ [Mn 3+ Mn 3+ ]0 4 . II s’agit done 14 d’un 
spinelle ‘normal’, chaque site etant peupl£ d’un 
seul type d’ion. 

Les composantes des moments magnetiques 
sur chacun des sites ont ete calculees 4 partir 
des intensites magnetiques observees et de la 
valeur de l’aimantation resultante[7] par une 
methode d’essais successifs en cherchant 4 
minimiser les hearts entre les intensites ex- 
perimentales et calculees des 12 raies les plus 
significatives. Les resultats sont les suivants: 

(a) Dans le site tetraedrique, le moment de 
1’ion Mn 2+ est de 4,65^# et fait un angle de 
13°30' avec 1’axe 010. Ce faible angle est peu 
significatif car il n’apporte qu’une leg&re 
amellioration aux intensites calculees com- 


Mn 3 0 4 
T - 4 2° K 


-Q Stte tetraedrique- 

■B Site t&raedrique- 

Site octa^drique- 
Site ocfo^drique- 


Moment dirlgfc vers le bas 
Moment dirig6 vers le haut 
Moment dirig6 vers le bas 
Moment dlrig6 vers te haut 
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Fig. 5. Schema de la structure magnetique a 4.2°K. Les chiffres donnent les 
cotes en & des differents ion magnetiques. 
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parees aux intensites experimentales. La 
valeur du moment obtenu est plus faible que 
celle du spin seul (5 ^i B ). 

(b) Dans le site octaedrique, les moments 
R< et Si ont le meme module, soit 3,55^ 
valeur du spin seul de Mn a+ etant de 4p. B ). 
R, et R 2 font un angle de 69°30 avec Paxe 
[010]. Le cone sur lequel se disposent les 
moments S* a un demi-angle au sommet de 
66°10\ les composantes Sx , 5y, Sz sur les axes 
a b et c etant de 1,291,43 \i B et 2,98 ^ 
respectivement. 

Le moment resultant est de 1,85/x B / 
molecule. Le Tableau 3 donne la comparaison 
entre les intensites magnetiques des raies 
observees et calculees dans le cas du modele 
decrit ci-dessus. 


5. EVOLUTION DE LA STRUCTURE EN FONCTION 
DE LA DIRECTION DU CHAMP A 44°K 

Le spectre avec champ montre que les raies 
110, 111 et 112 sont nulles; ceci s’explique 
par le fait qu’un champ dirige suivant Pune de 
ces directions fait tourner Paimantation d’un 
angle tel, que la maille se trouve alors doublee 
suivant la direction [100], les directions liees a 
ces raies ne correspondant plus a un noeud du 
reseau reciproque, il n’y a plus reflexion. II 
faut done admettre que lorsqu'on fait tourner 
le motif autour de Paxe [001] sous Paction 
d'un champ, de maniere a passer d'une direc¬ 
tion de facile aimantation [010] a la suivante 
[100] i! y a rearrangement des moments con- 
stituant le motif magnetique, rearrangement 
qui doit en particulier respecter la symetrie 


Tableau 3. Intensites magnetiques experimentales 
et calculees a 4,2 °K en p, B 2 /maille (a, 2a, c) Jq 2 F M 2 
pour H = 0 avec q— sin (F, K) 


hkI 

/exn. 

/(■«] 

hkl 

^exp. 

/cal 

010 

0 

0 

200] 

1 2848 

2840 




040 J 

r 


001 

0 

0 

210 

0 

0 

on 

0 

0 







1031 



100 

0 

0 

023 






04) 

4000 ± 800 

3904 




041 



020 

0 

0 

201J 



no 

1140± 100 

1136 

113] 



02 n 



2!! 

1840 ±350 

2176 

10]/ 

12336 ±240 

12412 

132 J 



002 

0 

4 

140 

0 

0 

in 

1752 ±40 

1752 

220 

0 

0 

012 

0 

0 

,23 1 






141 



120 

3344 ±70 

3336 

221 



030 

0 

0 

042 

• 27900 ± 18000 

11744 




033 



121 

0 

0 

212 J 



102 

0 

0 

004 

10100 ±6000 

6618 

022 

0 

0 

014 

0 

0 

031 

0 

0 

050 

0 

0 

112 

1012±90 

1038 

230 

0 

0 

130 

1140± 100 

1136 




003 

0 

0 




122 

5936 ±120 

5936 




013 

0 

0 




131 

2088 ± 100 

2040 




032 

0 

0 
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quadratique du cristal. L’axe d’ordre 4 faisant 
correspondre les sous-reseaux aux S{, R, et 
R 2 se subdivisent done, apres rotation du 
motif, en quatre sous-reseaux; reciproque- 
ment les quatre sousreseaux S t se reduiront k 
deux aprfes cette meme rotation. Le nouveau 
motif obtenu devra avoir une structure sem- 
blable a celle du motif initial mais avec un 
arrangement different des moments du site 
octaedrique. Ce ‘flipping' se reproduira a 
chaque fois que la direction de facile aimanta- 
tion tournera de 90°. 

Dans tout plan passant par l’axe c, les 
champs usuels ne permettent pas de suivre 
revolution de la structure en raison de la trop 
grande anisotropie; signalons a titre d'exem- 
ple qu'un champ de 15 kOe applique suivant 
la direction [131] n’ecarte le motif du plan de 
base que de 6°. 




6. EVOLUTION THERMIQUE DE LA STRUCTURE 
Les raies les plus intenses et par Ik meme 
les plus significatives ont ete etudtees en fonc- 
tion de la temperature. 

L’intensite de la raie de surstructure 111 
s’annule a 33°K tres brutalement (Fig. 6a); on 
a verifie qu'il en est de meme pour les autres 
raies hkl ou k est impair. A cette temperature, 
il y a transition, les mailles magnetique et 
chimique devenant identiques. 

Les raies 101, 021, 120 et 122 (Figs. 6b, c 
et d) ont permis de suivre revolution de la 
structure entre 4,2°K et le point de transition. 
Les variations des differents parametres en 
fonction de la temperature sont indiquees 
Fig. 10. On constate en particulier qu’a 33°K 
la composante suivant a des S t s'annule alors 
que les deux autres composantes gardent une 
valeur finie; les raies de surstructures etant 




Mn 3 0 4 

Fig. 6. Variations de Tintensite magnetique en fonction de la 
temperature des raies: (a) 11 K(b) 101-021,(c) 120, (d) 122. 
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Mn^ 

Fiy. 7. Variation des moments el de leurs composante's en fonction 
de la temperature. 


les seules a subir une discontinuity au passage 
du point de transition, on deduit que les 
moments S, se rearranged brusquement a 
33°K, les valeurs absolues de leurs compo- 
santes suivant b et c restant inchangees. En 
d’autres termes, deux sous-reseaux S* sur les 
quatre verront leur composante suivant c 
changer simplement de signe, ce qui ramene 
la maille magnetique aux dimensions de la 
maille chimique. A 33°K, la structure n’est pas 
colineaire et au-dela de cette temperature il 
devient difficile de suivre 1’evolution des 
diff£rents parametres definissant le motif 
magnetique en raison de I’imprecision sur les 
intensity des raies. 

Remarque . II est int£ressant de noter que 
variations thermiques des moments R, et Sj 
(Fig, 7) ne sont pas identiques; si, a 4,2°K ces 
moments ont sensiblement meme valeur 
absolue, on remarque qu'k temperature super- 
ieure, ils different notablement (bien qu’il 


s’agisse du meme type d’ion Mn 3+ ). Au point 
de transition (33°K), R, et S, semblent etre 
egaux, ils font le meme angle avec Taxe [010] 
et il est probable que cette propriete se 
conserve jusqu’a la temperature de Curie. 

7. CONCLUSION 

La structure trouvee a 4,2°K ne peut 
trouver son explication par la seule considera¬ 
tion d’echange isotrope. Ainsi que nous 
Tavons deja remarque dans certains man- 
ganites[9, 10], Tanisotropie (qu’elle soit locale 
ou d’echange) semble jouer un role deter¬ 
minant; en particular, elle pourrait expliquer 
Tinegalite des moments R f et S f entre 4,2 et 
33°K. 
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Abstract-The effect of magnetic impurities (Pr and Tm) on the superconductors Th, La Pb 3 and 
La Sn 3 is discussed. Due to crystal field splitting the impurities have a nonmagnetic ground state and 
low lying excited states. In particular the case of Pr in La Pb 3 is discussed. Interband mixing of 4/and 
conduction electrons leads to a dynamical electron-electron interaction due to exchange of virtual 
excitations of the impurities. This leads to a lowering of the superconducting transition temperature T c . 


1. INTRODUCTION 

Recently Bucher el aL[\] studied super¬ 
conductors with small amounts of magnetic 
ions undergoing crystal field splitting and 
exhibiting a non-magnetic ground state. They 
restricted their studies to Pr 3+ and Tm 3 + in 
superconductors of cubic symmetry, Th, 
LaTl 3 , LaPb ;i and LaSn 3 . Bucher and Co¬ 
workers observed a depression in the super¬ 
conducting transition temperature T c which 
cannot be explained by spin disorder scatter¬ 
ing due to ions thermally excited from their 
non-magnetic ground state to some magnetic 
excited state. 

We examine the effective electron-electron 
interaction due to exchange of virtual excita¬ 
tions of the magnetic impurities. For the 
specific cases we examine this dynamical 
interaction leads to a lowering of the super¬ 
conducting transition temperature and thus 
may explain the results of Bucher et al. There 
are several ways in which a conduction elec¬ 
tron could interact with the impurity and 
which could give rise to an effective electron- 
electron interaction due to exchange of virtual 
excitations of the impurity. There is the 
Heisenberg exchange interaction giving rise 
to an interaction Hamiltonian of the form 
H H e x^J.s. Furthermore aspherical Coul¬ 
omb scattering can take place. In addition 
there is a further exchangelike interaction due 
to interband mixing of conduction and 4/ 


electrons. The first two types of interaction 
have been discussed by Fulde et al.[ 2]. They 
find that, in case the Heisenberg exchange 
contributes, it will lower the superconducting 
transition temperature T cn whereas the 
aspherical Coulomb scattering will raise T c . 
They neglected interband mixing. 

The most experimental information is 
available for the case of Pr being dissolved in 
LaPb 3 . Specific heat measurements by Bucher 
and coworkers are consistent within 1 per 
cent with the first excited state of the Pr 3 ^ 
being a doublet, all other excited states lying 
much higher in energy. Lea et al\ 3] calcu¬ 
lated the level system of Pr 3+ in cubic sym¬ 
metry. Praseodymium has two electrons in the 
4/ shell which couple to a total 7 = 4. If we 
denote the state of z-component of total 
angular momentum being M by |Af), Lea and 
coworkers give the ground state in cubic 
symmetry as: 

\a) =a o |4)+0 o |O) + a o |-4). (1) 

There is only one doublet possible, the wave 
functions being 

|fe 1 )=a / |4)+j3 ; |0) + a / |-4) 

\b%) = y/|2) +y,|-2) (2) 

and where 

a 0 = 0-4564, /3 0 = 0-7638 

a, = 0-501, /3, = -0-6455 (3) 

y, = 0-7071. 
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Both states I*,) and \b 2 ) are nonmagnetic, i.e.: 
{J) » 0. We see that an interaction Hamil¬ 
tonian J . s due to Heisenberg exchange does 
not couple the ground state to the first excited 
states. 

Interband mixing and aspherical Coulomb 
scattering do give a coupling between the 
states |a) and \b t ), We show that the interband 
mixing of 4/ and conduction electrons does 
indeed lead to a lowering of T c . The experi¬ 
mentally found depression of T c thus might be 
explained by an interaction whose dominating 
part is due to interband mixing. Further 
experimental investigations are necessary, 
however, to clarify this point. 

2. THE INTERACTION HAMILTONIAN DUE TO 
INTERBAND MIXING 

Pr and Tm have two electrons and two holes 
in the 4 f shell respectively which couple to a 
total J = 4 in Pr and a total J = 6 in Tm. 

First we want to concentrate on Pr. To 
treat the mixing of conduction and impurity 
wave functions, we work with conduction 
states which are partial waves about the 
impurity. (The following is analogous to the 
treatment of Ce in [4]. Only the / = 3 states of 
the impurity are of interest and furthermore 
— for the conduction impurity mixing potential 
being mainly spherically symmetric-only 
/ = 3 conduction electron partial waves will 
enter the problem. Again like in [4] we make 
up spin orbit eigenstates from these partial 
waves so that we work only with states of 
definite angular momentum. c+ M and c kM are 
creation and destruction operators for elec¬ 
trons of wave number A\ total angular mo¬ 
mentum 5 and ^-component M (— ± 

±£). c^r and c w create and destroy electrons 
on the impurity with angular momentum } and 
Z-component M'. (Spin orbit eigenstates with 
angular momentum \ are much higher in 
energy and are of no interest here). We start 
with an interaction Hamiltonian 

H\ “= 2 f VkCkMCM + + (4) 

kM L J 


Following [5] we can replace H x by an inter¬ 
action H 2 given by 

H t = i 2mk>(c|//,|«>{—rr+T^r} 

abc \e m e c e b e c j 

(5) 

| a) and |i) are the initial and final states and 
e a and e b their energies. The |c)’s are the 
possible intermediate states, there are two 

l c i) = c kM c tr I vac ) (6) 

kz) = c^c^cUvac). (7) 

The ^v’s are their energies, probably of the 
order of several eV. 

Using (6) and (7) as intermediate sets in (5) 
is only an approximation. To be correct we 
would have to use the exact wave functions 
corresponding to having three (or 1) electrons 
on the impurity. If, however, the splitting in 
energy inside a set of states is small and can 
be neglected with respect to e Cl (or e r J, their 
average, then we can use any complete set of 
functions as intermediate states. (6) and (7) 
being the simplest and most useful [6], Fur¬ 
thermore (5) corresponds to second order 
perturbation theory. In order to be able to 
neglect higher order terms HJe c must be 
small, which is the case for the situation we 
are dealing with. For the k)’s and \b)\ we 
use the model based upon the calculation of 
the level system of Pr 3+ in cubic symmetries 
by Lea et al.[ 3], e.g. the ground state of Pr 3+ is 
given by 

\a) = a 0 |4) +/3 o |0> 4- a 0 |— 4) (8) 

where 

14) = cZ l2 cZ l2 \vac) (9) 

and the other |/)’s are obtained by successive 
applications of the angular momentum lower¬ 
ing operator. The states \a) and \b) are best 
labeled by |/,, kM) where I t describes the 
states of the impurity, the kM describes the 
conduction electron involved in the scattering 
process. 
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We define the operator K by 


where H 2 takes the form 


\I u kM)=ci M K i + \vac) (10) 

e.g. for the ground state of the impurity K 0 + 
has the form: 


K 0 + —' a o{^5/2 C 3/2 “b ^^3/2^—5/2 } 

4 WT7 M 2^ II2 C ~ 1 12 4 3 C 3 / 2 Ci 3 / 2 4* C^d 5 / 2 } . 

(ID 


With this notation the interaction Hamil¬ 
tonian takes the form: 


«2 = 2<{(c j + +c i )r p .f 3 .^ 

+ (c/-c i )#;.^ p }. 06 ) 

Here the symmetry 

gp'M'pM = £p'-M'p-M (17) 

was used. 

f 3 is the Pauli matrix (* 


H 2 — 2 (12) 


The g’s are explicitly given by 





where * s the energy of the state |AAf j/*). 
The matrix elements are calculated in a 
straightforward way and are given in Ap¬ 
pendix 1. 

3. SUPERCONDUCTING PROPERTIES 

To calculate the superconducting properties 
we usfe the Nambu formalism [7]. We intro¬ 
duce the two component electron field 
operators 

+ = (% iM ) r = (cz JM c PJ - M ). d4) 

Furthermore it will be convenient to define the 
operator Q + = K^Kq. For the purpose of 
superconductivity only the part of H 2 which 
involves scattering processes taking the 
impurity from the ground state to an excited 
state or vice versa will be important. 

We therefore can write the total Hamil¬ 
tonian in the form 

= 2 M'p + -’V*/'p + 2 EiCi+Ci + H 2 
+ H H + H AC +H ph 1 (15) 


H ph is the part of the Hamiltonian des¬ 
cribing the phonons and the electron-phonon 
interaction. H h and H AC describe the Heisen¬ 
berg exchange and the aspherical Coulomb 
scattering respectively. The commutation 
relations for the operators Cj + and Cj are 
neither purely Fermi-like nor purely Bose-like. 
This, normally, prevents the straightforward 
application of many body theory, because 
Wick's theorem does not hold. In the follow¬ 
ing we shall make the approximation of treat¬ 
ing the Cj + and Cj as Boson-creation and 
annihilation operators. Thus we introduce 
unphysical states into the problem. The 
physical states are only those where either no 
boson or only one boson is present, all other 
states are unphysical. If, however, the 
expectation value for rij = C/Cj is a very 
small number a < 1, then the unphysical 
states will enter the problem with a weight of 
a 2 or smaller. In Appendix 2 we show that, 
for the low temperatures we are interested in, 
this is indeed the case because of the weak¬ 
ness of the coupling which produces the 
virtual excitations. Therefore the approxi¬ 
mation of treating the C’s as boson operators 
is a valid one. 

We now want to discuss the specific case of 
Pr 3+ in LaPb 3 . As mentioned before, the 
Heisenberg exchange Hamiltonian does not 
couple the ground state and the first excited 
states, a doublet (equation (2)), and is therefore 
neglected. For the aspherical Coulomb 
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scattering we use the interaction Hamiltonian 
given in {2]. In the representation we use it 
as the form: 


Hac = 2 h(k',k) & (C 2 + + C 2 )g k . k r k ..r 3 . 


where 

co * 

I 2 (k',k)=Y j dr < / 

0 0 

xR k , t (r,)R k An) (19) 


R(r)!r is the radical part of a given wave 
function. Q 2 is the quadrupole moment of the 
4 f shell. [8] gives Q 2 = 0*294. 

R is a constant given by 


'67t\ 1/2 2V7a()y/ + 3VTo/3 0 'y/ 

T / 28 


The nonvanishing coupling constants are 
given by: 


£*'1/2 1/2*5/2 5)2 “ 1 


£*1/2 l/2*5/2-3/2 


= 1/V5 


£*'1/2 l/2*3/2—3/2 
£*'1/2-1/2*3/2 3/2 


= -vT 
-vT 


(20a) 

£*'1/2-1/2*5/23/2 “ l/y/S 

(20b) 

£*'1/2-1 /2*5/2-5/2 = 1 • 

(20c) 


Furthermore 

£k-k ^kk'* ( 20d ) 


All other coupling constants are zero. 

In our following discussions we shall treat 
the effects of the impurity scattering on the 
macroscopic properties of the system as a 
perturbation. For low impurity concentration 
linear perturbation theory should be adequate. 
We use the standard definitions for the finite 
temperature Green’s function G and the 
self energy X. (The — indicates that the 
quantity discussed is a matrix): 


G l (p,iw) “ /a> —€ p .t 3 — X (21) 

The equation, we shall obtain for X, will 
contain three separate parts resulting from the 
electron-phonon interaction, the impurity 
scattering due to interband mixing and the 


aspherical Coulomb scattering. Interband 
mixing and aspherical Coulomb scattering do 
not couple the same conduction electron 
states; the interband mixing only couples 
j = i states to j = i states, whereas the 
aspherical Coulomb scattering only couples 
states with \j = ± 1,2. Therefore there will be 
no interference between the two phenomena. 
In the equation for X the contributions from 
interband mixing and aspherical Coulomb 
scattering will be additive and can be treated 
separately. 

First we discuss the interband mixing, we 
call its contribution to the self-energy X,. 
Although the impurity scattering due to inter- 
band mixing involves only the j = } electrons 
directly, the electron-phonon interaction will 
spread the effect of the impurity scattering to 
all j\ thus creating a single superconducting 
transition temperature T c . Therefore the 
quantity of physical interest will be X averaged 
over all angular momenta, which then will 
only depend on the wave number p. To lowest 
order for the impurities we get the following 
equation for X/(p/r,/a>„): 

SOWa.,,) - U) 2 

/ “ p' .n’ 

x {T}.C(p -id),,') ■ “b ] 

+ c; (p'.ioj,,.) [- g ] mi , g{,. M + ([>{,„.) *-]} 


X Z)j(/W n 


( 22 ) 


where n(Lj) is the density of states of elec¬ 
trons with orbital angular momentum / and 
total angular momentum j at the Fermi surface 
divided by the total density of states N( 0) at 
the Fermi surface, n, is the concentration of 
the impurities. 



(2 1 ) 7T 

P 


Dj(ko) 


1 

io) — Ej 


_1_ 

ia> + Ej 


(23) 


ginr is an abbreviation 
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Actually we evaluate g { MM for p r = p F , too, 
and neglect the p ' dependence. The justifi¬ 
cation is that due to the rapid p' dependence in 
G only those p' close to the Fermi surface will 
contribute to the integral (22). The argument 
used here is the same as the one used in strong 
phonon coupling theory [9]. Incidentally, 
equation (22) does not contain terms propor¬ 
tional to r 3 . G and G . r 3 because of the 
averaging. 2/(/?,./, Af,w) does contain terms 
proportional to r 3 . G and G . f 3 , they vanish 
when averaged over J and M , however. 

We call the contribution to the self-energy 
due to aspherical Coulomb scattering t AC . We 
get the following equation: 


2 

AC 


X 


%'^ff 




x f 3 . G(p\ia) n i ). T 3 £) 2 (io> n — /gv) 


where 


n(j±hj) 


n(2J) for] = 
n(QJ) for7 = i 


(24) 

(25) 


In the evaluation of (22) and (24) we closely 
follow the method developed in [9] for strong 
phonon coupling theory and the details of the 
calculation can be looked up there. 

For simplicity we neglect retardation 
effects in the phonon-induced interactions and 
we take that part of the effective electron- 
electron interaction to be instantaneous. 

Making the ansatz: 


2 (p F ,(o) = [1 — Z(a>)]a) + Z(aj)A(co) . f,. 

(26) 

We get the following two equations for the 
superconducting transition temperature T c : 

00 

[1 — Z(a>)]a> = — N(0) .n, j dt»’(S, + S AC ) 

o 

x tanh (£/J c g>' ) 




1 


+ + E + i& 


_ 1 _ ) 

i& a/ — <u 4- E — iSj 

(27) 


and 


oo 

Z(»)A(o>) = N( 0) f ^ A(o>')tanh (i/3 c <u'> 

J w 
0 

X {^> + *,( 5 , + ^) 

x (__I__i_J>\ 

\ft> 4- o> 4- E -h i6 a/ — co4‘£' — i5/J 

(28) 

where E is the excitation energy of the 
impurity doublet and 

s,= 2 M3,i)sW] 2 (29a) 

M.M' j 

s,= 2 « 2 (3,i)*W*rW (29b) 

A/.A/'J 

5^c= 2 (gk F yM’k F }iu) 2 n(j’ ±ij')n{j±tj) 

>' ur r r 


jCM 

J.M 


m 


(29c) 


represents the phonon interaction which 
we take to be a constant for cu, <*/ < ft> D , the 
Debye frequency, and zero beyond. 

From equation (28) we see that the effect of 
the impurities upon the transition temperature 
T c will be determined by the quantity Sj 4- Sac- 
Sac is positive. In terms of the quantities 
defined in equations (5), (6), (7) we get the 
following result for S, : 



For e Cl , e Cl > e a , e b (which is the case for the 
physical situation we are discussing 3, is 
negative. 
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Appendix 3 shows the perturbation scheme 
we used to calculate the transition temperature 
T c . 

With 

7V = T e m + 77”; Z(«) = l + Z,M 

(31) 

(where T c ° is the transition temperature for 
zero impurity concentration) and with (l c 
being of the order of /3 r we get 

1 

log(M4/3 r ««n f )-r f “ , /7’ c ‘ 0 » 


l-A/(0)K pA kWft c 


(V(0)n|/^ ( 5 , + 5, < .)(^ 


, 1 \ NJj> )V* 

- (o' + E J 1 - N (0) Vph log «*/«,. 


+J^mo)v^s,+s M .^ E 

n r 

-Z,(0)K pft + - ( ^^^ () 


After carrying out the integrals we get 



N(0 )n, 
E 


(195/-42-35/ — 23-35^ c ) 


(34) 


4. CONCLUSION 

From equation (34) we see that the aspheri- 
cal Coulomb scattering will tend to enhance 
T c (as was pointed out by Fulde et al . in [2]), 
whereas the effect of interband mixing will be 
to lower T c . Due to the particular form of 
ground state and first excited states of the 
Pr 34 impurity in the case we discussed, the 
Heisenberg exchange interaction J .s did not 
contribute to the coupling between the two. As 
pointed out in [2], the coupling due to Heisen¬ 
berg exchange between the ground state and 
higher excited states contributes to the 
depression in T c . 

The Hamiltonian used to describe the inter- 
band mixing contains some quantities which 
are not yet known from experiment: The 
mixing potential V k and the energies e Cl and 
e C2 corresponding to having three or one 4 f 
electrons on the Pr impurity. An experimental 
investigation of these quantities will be helpful 
to establish the relative strength of interband 
mixing and Heisenberg exchange. 


+A 


j IF j ^ ^ (0) ^z + ^r) 


b 


1 


: + 


1 


-h <o" 4- E a/- a>" + £7 


-A 



Z,(«') 


n 


c 



(32) 


where 

A _ 2N(Q)V ph + (N(0)V P h)Hog(o D l£l r 

[l-N(Q)V ph \og<o D ICl c y ‘ (33) 
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APPENDIX 1 

Calculation of coupling constants 

There are two types of matrix elements we want to 
calculate, corresponding to the two sets ( 6 ) and (7) of 
intermediate states in the scattering process: 

(k'M’JAVZctc^circt'H'Ctu) 

AT 

X (CkA/Ck'MCnrlVk'Ck’ArCwlkMjQ) (1.1a) 

Jt* = £ <k'M\lAV k .ci' M .c M AcU:Ui) 

x {cmCm'CkA ^ * c^c^l/cA/./())• O-lb) 

Here the states | kMl { ) are given by: 

\kM ,/ 0 ) = "b c - 3 / 2 ^- 5 / 2 } |i>oc) 

*b f3 0 c klu { 2c, /2 c _ 1/2 + 3Cg /2 c _ 3/2 + c 5/2 c_ 5/2 } | vac ). 

(1.2a) 

This describes the ground state of the impurity. The 
two excited states we consider are given by: 

S kM J i) — tt/Cjt«{Cii/2C3/2 “b t ”3/2 C “5/2} |WM’) 

~b fil c ku{ 2cm£- 1/2 “b 3 c 3 f / 2 C’lj »/2 ~b C 5 / 2 Cb 5/2 } \vuc) 

\kMJ 2 ) — yi c /fAf{ + 3 c' 5 / 2 ct |/2 

+ V5cl ,/ 2 cl 3/2 -b 3c; / 2 ci 5 / 2 } I vac). ( 1 , 2 c) 


All other matrix elements vanish. The matrix 

elements (1.4) involve the impurity being scattered into 
the excited state (ij). For scattering into the state |/*> we 
get the results: 

W •*,&. - - T0o7,tlV “ 

vT 

(b) JHQun = — js.nl y„ r I s = 

(C) JWm = (-A/9.71 + VS«,y,) | K* F |> = 

( 3 3 VJ \ 

fitYi) I K*„|» - 

(1.5) 

All other vanish. 

For the matrix elements .4^” we get 

.4Wt, = ,4Ult for M’ * M (1.6) 

All vanish. 

APPENDIX 2 

In Section 3 we made the approximation of treating the 
operators C/, C } as Boson-operators. To show that this is 
a meaningful approximation we have to show that the 
expectation value of /ij — C/Cj is small. 

We neglect effects of temperature. We are interested in 
the occupation number for the ‘Boson’ at T r , temperature 
effects will be of the order of c~ E i JkT c < 10" 2 and are 
neglected. 

We only want to get an idea about the order of magni¬ 
tude of (nj). we therefore only discuss the effects of inter¬ 
band mixing, neglecting aspherica! Coulomb scattering. 
We use the Hamiltonian in its conventional form: 


The constant a, /3, y are obtained from [3J and are given 
by 

<*„ = 0 - 4564 , / 3 0 = 0-7638 

«,.= 0 - 501 , / 3 , = - 0-6455 y, = 0 - 7071 . 

(1.3) 

The calculation of the matrix elements is straightfor¬ 
ward. In the following results the index j in indi¬ 

cates into which excited state the impurity is scattered. 
j — 1 corresponds to the state |/,>, j = 2 to the state |/ 2 ). 

(a) . ^- 3 / 8 . 5/2 = a ofii ~b "^ 7 Y 4 ^ o0r/ ) * I 

= '^V/2,-5/2 

< b > -JUtV/l = (- — 5/2 

(c) .^’JJ/2. 3/ 2 = — ^/|4 I* = .^VSi!-sn 

(d) .4 ?V« i , 3/2 = ( — ot 0 a 7 — ^r/3o/3/) ~ ^- 3 / 2 .- 3/2 

(e) ~ ~~ Vk F | 2 = ^Ji) 2t _| /2 . 

(1.4) 


H\ — S Skmk M'CknfCk’M’Ct + hx. (2.1) 

The r’s are electron operators, the C’s the defined ‘Boson’ 
operators. 

To lowest order the Boson self energy is given by : 

w,M = Hf (*&*-*• gVu ‘kM ’khlgVvk’M ') 

x G* JW (a/)Gj f ' W -(a> + to'). (2.2) 

To lowest order in the g’s we can use G°’s instead of G’s. 
(In our description for the phonon interaction G® is not 
influenced by phonons.) The real part of will have no 
significant influence upon the Boson occupation number, 
its only effect will be to shift the energy slightly. 

For the imaginary part we get: 

= TtZ/pU “/„) [6(ti> — € ff +€p) 

+ 6(o> + € fl -e„)] xs/ 0 (2.3) 

e p = P i l2m is the electron energy, f P is the Fermi 
function. For the mixing potential V k we use the following 
model: V k is a constant equal to V kF for e k within a range e 
of the Fermi energy, and it vanishes for k outside this 
region. The order of magnitude of the Boson occupation 
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number should not depend crucially upon the detailed 
behavior of V k . Carrying out the integral yields the 
following result: 

|oj| for H < e 

.T m ir { (a)) = ■ 2* — |oij for e < |a>| < 2c X nN 2 (Q). 
[0for2« < |a)| 

(2.4) 

where 

(2.5) 


The occupation number is given by the integral: 




N(Q)K(a><<*') 

o>' 

Oforcu' < fl r . 


for to' > n f 


Inverting equation (3.3) we get 


log (M4 (3,Sl { 


— =N(0) J <0|£^ — 


f_ e 1 *" 

W J at — E, + i8 ~ IT imrX 


6 is a number infinitesimally small and positive. 

Doing the integral gives a number of the order of 
7rJV 2 (0)5/*\ The density of states can be obtained from 
measurements of the electronic specific heat at low 
temperatures[1]. S, (n is estimated from equation (34). 
This yields a Boson occupation number of the order of 
< !0~ 2 . Therefore unphysical states characterized by the 
presence of more than one boson will enter only with a 
weight of 10~ 4 and do not contribute significantly. 

APPENDIX III 

We develop the perturbation scheme, we used to 
calculate the effect of the impurity scattering upon the 
transition temperature T r . We have an equation of the 
form: 


Perturbation theory to first order gives 

log (H4JMU = *(0>/<0|[g.-^.]-V>*.(^0)d^ 
+ /V(0) / (0|[^ o -.^ o ]->')K 1 (a.',O)da)' 

+ N(0) j (0|[^-.nrV'><""l^ 1 -^il"'> 

Ao(ti)'.O) dw'do)". 


To use this perturbation scheme we must be able to 
calculate the inverse of 3 0 — We give a method of 
how to determine this inverse for the case that (X 0 ) w 
* (<ol#' 0 \u)') consists of a sum of separable terms. 

(^o) w «' = 2 (3.8) 

i 

J/ shall be the inverse to — .>T 0 , its matrix elements 
X (o ^o/'oi' = 6(<w a/) (3.9) 


Z(<o)A (w) = N(0) J A(a>' )K (a>,a>' )tanh ) or more explicitly: 






K (<*>,&/) =* Kq{u>,o)' ) 4- K x ) (3.2a) 


Z(o)) — Z 0 (ct>) +Zj (o>) (3.2b) 

We treat ATi(eo.co') and Z,(a>) as a perturbation. 
Assuming that the kernel K ) vanes in w or <*>' on the 
scale of the order of the Debye frequency, we split the 
integral over w' in (3.1) into two intervals. An integral 
from 0 to fl r and one from H t . to » where we take fi r of the 
order of k B T c . In the first interval we neglect the variation 
of the kernel with o>' and we get the following result: 


/,(*>') =2 (3.11) 

The //s are determined from the system of equations we 

get by multiplying (3.10) by . B N (u>) 

successively and summing over a >. 

With the definitions: 

Cu Z(^i B i( w Mj(«) n 12) 


^ I («*) [< ll — 1 ] + / 2 (tt>)c, 2 + ■ • 4 + l K {<o)c IK = - 


/ d« , [(6»|iir|o.'>-<«o|jr|6i , >]A(w , ) = 

A(0)#f(w.0)A(0)log(l 14^ r n r ). (3.3) 

There we introduced the operators 3 and # which are 
defined by their matrix elements: 

(at\?'\w') = Z (o>) 8(a) —u>’) (3,4) 


li(to)c 2 \ + /*(«) [c\ n — 1] + ■ 


l i (w)c Nl ^’ 


+ / A (a>)[c AJV - 1] = 


Z( o>) ■ 
(3.13) 
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We can solve for the //s and potting them back into (3.10) 
yields Jz^. For the case we are interested in in this paper 
we have 


(3.14) 


<45r„k> 


(i)' 


@(cu)0(iD P — w) 


For the inverse of we get: 


((o\[3F 0 ~X o]“*|w') 


— 5(g> — w') + 


N(Q)V, h 


where 


©(w'-ftoje^-a/) (3.15) 


(Oforw < 0 


e(a))e(a> n -tt))e(a) , -n c )e(w 0 -tt)') 

at' 


(3.17) 
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Phonon density of states for MgF 2 * 

C Received 1 March 1971) 

A phonon density of states, G(p), for MgF 2 
has been calculated by the linear interpolation 
method of Gilat and Raubenheimer[l, 2], 
using an axially symmetric rigid ion model for 
the lattice dynamics[3,4]. It is shown in Fig. 
1. Because of the limited amount of experi¬ 
mental data available at this time and the 
complexity of the rutile structure, the details 
of the density of states are not expected to 
be very accurate. However, there are reasons 


neutron scattering. They found that neither 
a rigid ion model nor a fairly sophisti¬ 
cated shell model could adequately fit all of 
their experimental data, although the shell 
model gave generally better agreement. 
Nevertheless, the overall structure of G(v) 
predicted by the two models was not greatly 
different. Also, the one-phonon spectrum for 
optical absorption by the M(C 2h ) center in 
MgF 2 [6] exhibits structure that may be cor¬ 
related in a qualitative way with the present 
results for G (v ), as shown in Fig. 2. 

In real space, the rutile structure is primi¬ 
tive tetragonal, with equivalent but differently 


ORNL-DWG 70- 15160 



to believe that the gross features of G (p) are 
given correctly in the present calculation. In 
TiO a , for example, Traylor et al. [5] have 
measured the phonon dispersion curves by 


* Research sponsored by the U.S. Atomic Energy Com¬ 
mission under contract with Union Carbide Corporation. 


oriented, triatomic molecules at the corner and 
body center of the unit cell. The reciprocal cell 
is also tetragonal, and can be generated by 
symmetry operators from a 45-degree wedge 
containing one-sixteenth of the total volume 
[7]. In order to calculate G(v) by the Gilat- 
Raubenheimer method, this wedge is broken 
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hig. 2. A comparison of — p n {to)/aj with the one-phonon spectrum 

for optical absorption by the M center in MgF,. from Ref. [6J. 


down into smaller volumes surrounding a 
mesh of points at which the phonon fre- 
quancies vj(q) and their gradients are 

determined, and this information is used to 
sweep across the smaller volumes to fill the 
histogram bins. The wedge can be wholly 
filled with full or half rectangular parallelo- 
pipeds, and since the reciprocal cell contains 
(110) mirror planes, the contributions of 
wedge-shaped smaller volumes along the di¬ 
agonal face of the irreducible segment of the 
zone can be determined by sweeping over a 
full parallelopiped and weighting the result 
by a factor of one-half. 

For the present calculation the axially 
symmetric rigid ion model parameters were 
taken from the work of Katiyar[4]. These 
parameters were determined primarily from 
Raman and infrared data, and they give fair 
agreement with measured elastic constants 
and fragmentary neutron scattering results. 


In their work on Ti0 2 , however, Traylor 
el al.[5] found that the rigid ion model could 
not fit all branches of the spectrum. In par¬ 
ticular, the rigid ion model failed to predict 
the correct zone boundary degeneracies, even 
when tensor forces were included; “only a 
shell model with tensor forces gave agree¬ 
ment with all of the qualitative features of the 
data. We would therefore expect the details 
of the curve in Fig. 1 to change as more experi¬ 
mental information and better theoretical 
models become available. 

The major computational problem for crys¬ 
tals having the rutile structure is that there 
are six atoms per unit cell and thus 18 differ¬ 
ent branches of the dispersion curves. This 
complicates considerably the problem of 
obtaining an adequate least squares fit with 
any model containing a reasonable number 
of parameters. Furthermore, even after a 
model has been chosen, the computations 
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required to find G (v) by the linear interpola¬ 
tion method prohibit the use of very fine 
meshes. For the calculation reported here, the 
number of mesh points used was 154, G{v ) was 
sorted into roughly 1000 bins, and the com¬ 
puter time necessary was approximately 12 
min on an IBM 360-91. 
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The sorption of light paraffins in linde 5A 
zeolite 

(Received 8 September 1970; in revised form 11 Novem¬ 
ber 1970) 

In recent years it has been shown, princip¬ 
ally by Dubinin and other Russian workers 
11,2], that a simple extension of the Polanyi 
potential theory can provide a valuable means 
of correlating equilibrium data for the sorption 
of gases in microporous solids such as zeo¬ 
lites. This theory, which is referred to as the 


Dubinin-Polanyi theory of pore volume filling, 
predicts that, for any particular sorbate- 
sorbent system, the equilibrium data may be 
represented by a ’unique, temperature indep¬ 
endent, characteristic curve of volume sorbed 
(W = aV m ) plotted against adsorption poten¬ 
tial € where: 

e = n z -ni = /?71n^0 (1) 

fi z = Chemical potential of sorbed species 
fii = Chemical potential of pure saturated 
liquid sorbate at same temperature 
T — Absolute temperature 
/ = Equilibrium fugacity of sorbed species 
(= equilibrium pressure) 
f n = Equilibrium fugacity for saturated liquid 
sorbate at same temperature 
a = Sorbate concentration 
V m ~ molar volume of sorbed species (— 
molar volume of saturated liquid 
sorbate at same temperature). 

For a series of different sorbates and a single 
sorbent the characteristic curves will in gen¬ 
eral have different shapes, but the limiting 
adsorption volume W 0 , obtained by extra¬ 
polation from the characteristic curves, 
should be constant and approximately equal to 
the specific micropore volume of the sorbent. 
In the present note experimental data are 
presented for the sorption of light paraffins in 
5A zeolite. It is shown that the Dubinin- 
Polanyi theory gives a satisfactory correlation 
of the data and, by using the critical tempera¬ 
ture as the scaling factor, a single generalized 
curve is obtained which gives an approximate 
representation of the data for all sorbates 
over the entire range of temperature and 
concentration studied. 

EXPERIMENTAL 

Equilibrium adsorption isotherms were 
determined gravimetrically using a Cahn 
vacuum microbalance system to measure the 
weight of a sample of zeolite when subjected 
to a range of hydrocarbon pressures. Full 
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details are given elsewhere[3]. The hang 
down tube of the balance could be immersed 
in a Dewar vessel, a liquid thermostat or, 
for preconditioning, an electric furnace. Prior 
to the experimental measurements the zeolite 
was preconditioned at 375°C for a period of 
50 hr under a vacuum of 10~ 8 torr. A dosing 
system was used to change the pressure in the 
system by the introduction or removal of 
fixed volumes of hydrocarbon vapour. The 
adsorptive properties of zeolites are quite 
sensitive to the presence of trace impurities 
in the system, particularly moisture and to 
obtain reliable and consistent data it was 
found necessary to exercise care both in the 
preconditioning of the zeolite and in the drying 
of the hydrocarbon gas. Matheson bottled 
gas (Research Grade) was used and a drying 
tube of 4A molecular sieve was included in 
the line to the system. Measurements were 
carried out using both Linde pelleted 5A 
molecular sieve (100-120 mesh) and unsup¬ 
ported Linde 5A zeolite crystals, obtained 
from Union Carbide. The gravimetric method 
of measurement is particularly sensitive to 
error at low pressures when the weight of 
hydrocarbon adsorbed is small and the 
influence of trace impurities is highest. Most 
of the measurements were therefore carried 
out at pressures within the range 20-400 torr. 


The range of temperatures is indicated in 
Fig. 1. 

RESULTS AND DISCUSSION 

The isotherms obtained from adsorption 
and desorption measurements agree well and 
no hysteresis was observed. When the sorbate 
concentration for the pellets is corrected to 
allow for the presence of 20% wt. clay binder, 
the isotherms for pellets and crystals become 
essentially coincident, except at the lowest 
temperatures at which significant capillary 
condensation in the macropores of the pellets 
may be expected (e.g. propane at —83°C). 
This implies that there is no essential differ¬ 
ence between the adsorptive properties of the 
pellets and the corresponding zeolite crystals. 
The clay binder evidently acts merely as an 
inert diluent. 

Figure 1 shows the characteristic curves, 
calculated from equation (1), for the sorption 
of methane, ethane propane and «-butane in 
5A zeolite pellets. The corresponding curves 
for the crystals are essentially similar. Molar 
volumes were estimated from the values for 
the saturated liquid sorbates at the boiling 
point, extrapolated according to the method of 
Cook and Basmadjian[4J. Although qualita¬ 
tively similar to Gaussian curves, these curves 
can be satisfactorily described by the Dubinin 
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Fig. 1. Characteristic curves for sorption of light paraffins in Linde 5 A pellets. 
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equation [1]: 


where a' is constant, only in the region near 
saturation (IV -* IV 0 , e —*► 0). The simple 
square law expression: 

-||-=l-(a'€) 2 (3) 

to which equation (2) approximates in the 
saturation region, appears to give a more 
satisfactory representation of the character¬ 
istic curve which is a valid approximation over 
a somewhat wider range of sorbate concentra¬ 
tion (W()> W > 0 4W l} ). Extrapolation of 
the characteristic curves on the basis of equa¬ 
tion (3) yields, for the four sorbates, closely 
similar values for the limiting sorption volume 
W 0 (0185-0-19 cc/g for pellets and 0-225- 
0-23 cc/g for crystals). The latter value may 
be compared with the specific free volume of 
the type A zeolite crystal lattice. Considering 
only the large central cavity which the sorbate 
molecules can penetrate, Dubinin has cal¬ 
culated, from crystallographic data, a free 
volume of 727 A :1 per unit cell which is equiva¬ 
lent to a specific micropore volume of about 
0*25 cc/g zeolite [51. In view of the uncertain¬ 
ties in both the molar volumes of the sorbates 
and the effective free volume of the zeolite 
crystals, the agreement between these values 
10%) may be taken as additional evidence 
in support of the Dubinin-Polanyi theory. 

The data of Fig. 1 are shown plotted 
against reduced adsorption potential ( elRT c 
where T c = critical temperature of sorbate), in 
Fig. 2. It is evident that a single generalized 
characteristic curve gives an approximate 
representation (— 10%) for all four sorbates 
over the entire range of temperature and 
concentration. Within the range of concentra¬ 
tion for which equation (2) is valid, the 
generalized curve may be represented by the 
expression: 



Fig, 2. Generalized characteristic curve for sorption of 
light paraffins in Linde 5A pellets. 



where a — a'R T c = 0-130. However, no 
completely satisfactory expression for the 
characteristic curve has been found which is 
valid over the entire range of concentration. 

CONCLUSION 

Dubinin has suggested! 1] that the affinity 
coefficients (a') are directly related to the 
parachors of the sorbate species. Since, for 
the light paraffins, the parachors are approxi¬ 
mately proportional to critical temperature, 
the present data support this contention. How¬ 
ever, from the thermodynamic point of view, 
the correlation with critical temperature is 
more satisfactory. The generalized correla¬ 
tion of the equilibrium data in terms of reduced 
adsorption potential suggests that the sorbed 
species all obey the same reduced equation of 
state, to a degree of approximation which is 
comparable with the accuracy of the ordinary 
law of corresponding states. The predictive 
value of such a generalized correlation is 
obviously great. The present data are however 
limited to a series of closely related com- 
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pounds, and further experimental data are 
required in order to ascertain whether such a 
correlation is valid for sorbates of different 
types. 

K. F LOUGHLIN 
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SOFT X-RAY BAND SPECTRA AND MOLECULAR 
ORBITAL STRUCTURE OF Cr 2 0 3 , CrO s , CrOr 2 AND 

Cr 2 0 7 ' 2 
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(Received 22 January 1971; in revised form 5 April 1971) 

Abstract- A new experimental technique is describSS whereby the soft X-ray CrL m , CrK and OK 
emission and absorption spectra are combined and used to construct empirically a complete molecular 
orbital diagram for simple chromium-oxygen compounds. All spectral components are assigned 
specific transitions associated with bonding, antibonding and nonbonding molecular orbitals. In 
Cr 2 O s the spectra indicate that the three outermost electrons have t %g symmetry and are involved in 
two distinct bonding mechanisms. One of these electrons is localized in a metal-metal covalent bond 
and the other two are associated with the Cr-0 7r bond. The results do not support the narrow d -band 
model which has been proposed for transition metal oxides. For CrCV 1 the deduced MO structure 
does not agree well with previous calculations and a new interpretation is suggested for the optical 
absorption spectrum. Contrary to previous assumptions, it is concluded that the highest filled orbital 
in Cr0 4 ~ 2 is 3 1 2 instead of t t , Relationships between the X-ray spectra and various solid state pheno¬ 
mena such as coordination symmetry, bonding distances, valence state, and bonding character are 
discussed. It is concluded that the X-ray band spectra from compounds are best interpreted on the 
basis of molecular orbital theory. 


1. INTRODUCTION 

Soft X-ray valence band spectra have for 
many years been recognized for their poten¬ 
tial use in determining the electronic structure 
of solids. In actual practice, however, the 
direct utility of the spectra along this line has 
been severely limited. Over the years many 
correlations have been made between the 
spectra from simple compounds and certain 
physical and chemical properties. Typically 
such a correlation will involve a direct relation¬ 
ship between measured wavelength shifts or 
intensity variations in certain spectral compo¬ 
nents and a specific property such as bond 
character, bonding distance, electrical conduc¬ 
tivity, heats of formation, and so on. While 
these properties are indeed indirect manifesta¬ 
tions of the electronic structure of the materi¬ 
al, they provide a very incomplete picture of 
that structure. 

Ideally, X-ray band spectra should be 
capable of yielding a more complete structural 
picture than this. This expectation arises from 
the basic origin of the spectra, including both 


emission and absorption components. X-ray 
emission bands, according to classical descrip¬ 
tions, are due to electron transitions from the 
occupied valence/conduction band to an inner 
level vacancy. Conversely, the absorption 
spectra are due to the ejection of an inner 
level electron into one of the available vacant 
states in the outer regions of the atom. Since 
it is the structure of these outermost electronic 
levels that determines the properties of a 
material, then, so the reasoning goes, the 
X-ray band spectra should provide us in¬ 
directly with all sorts of information about 
why a material behaves the way it does. Un¬ 
fortunately, the number of actual cases in 
which X-ray band spectra have been success¬ 
fully used in this manner is disappointingly 
few. There are several reasons for this but in 
general they can be combined into two prob¬ 
lem areas; (1) obtaining reliable band spectra 
and (2) interpretation of the spectra. It is the 
intention of this report to focus on these 
problems (primarily the latter one) for some 
simple chromium-oxygen compounds such 
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bs Cr,0 9 . CrO a , Cr0 4 ~ s and Cr 2 0 7 • 
Compounds of the first row transition 
metals are especially interesting from an 
electronic structure standpoint as reflecte 
in their remarkably varied physical and chemi¬ 
cal properties [1J. In attempting to unravel the 
complexities of the electronic structure of 
some of the more fascinating compounds in 
this group, many different types of experi¬ 
ments have been performed. It is a curious 
fact, however, that X-ray band spectra, despite 
their potential value in determining significant 
features of the electronic structure, have been 
virtually ignored in studying these materials. 
To be sure, there are problems in obtaining 
and using the spectra but there are distinct 
advantages, too. The present author has 
attempted to indicate this in some recent 
work on the soft X-ray spectra from some 
titanium and vanadium compounds [2-6]. 


explaining the myriad of details in the soft 
X-ray emission and absorption band spectra 
better than any other model which has been 
advanced then it must be worth some con¬ 
sideration. One of the purposes of this paper 
is to demonstrate that the MO model is direct¬ 
ly applicable to chromium-oxygen compounds 
in which chromium has either a + 3 or + 6 
valence state and occupies either an octa¬ 
hedral or tetrahedral coordination site. The 
X-ray band spectra will then be used to 
construct empirically a complete MO energy- 
level diagram involving both occupied and 
vacant orbitals within 20 eV or so of the 
Fermi energy. No other experimental tech¬ 
nique is capable of doing this. 

In order to empirically determine the com¬ 
plete electronic structure of a transition metal 
compound, however, one needs more informa¬ 
tion than is contained in any one emission 


One of the key points in two previous band or absorption spectrum. The reason for 
papers [4,6] has been the use of a molecular this is rooted in the symmetry characters of 
orbital (MO) model to interpret the titanium the outer orbitals and the dipole selection 
and vanadium L„. m emission and absorption rules governing X-ray transitions. In forming 
spectra. Recently, several other workers have a compound such as Cr 2 0 3 the 3 d, 4s and 
also recognized the utility of MO theory in 4p levels of the metal atom interact with 


explaining certain features of X-ray band 
spectra which are difficult or impossible to 
rationalize by any other means [7-15]. There 
are still those, on the other hand, who claim 
that MO theory is fine for explaining the bond¬ 
ing in highly covalent materials such as transi¬ 
tion metal complexes, but resist any effort to 
apply it to predominantly ionic materials such 


the 2s and 2 p levels of the nonmetal atom. 
According to MO theory, using a linear 
combination of atomic orbitals (LCAO), this 
interaction will result in a series of bonding 
and antibonding molecular orbitals such as 
shown later on in this report in Fig. J. The 
important point to note here is that these 
outermost electron levels will consist of ad- 


as Ti 2 O s , V0 2 and Cr 2 0 3 or to metal-like mixed s, p and d symmetries. Now a K X-ray 
compounds such as TiC or VC. Actually, emission band results from transitions of the 


however, MO theory is quite flexible in that 
it is capable of describing any degree of 
covalent-ionic bonding character so that in 
principle it is perfectly legitimate to apply it 
to simple inorganics such as oxides, nitrides 
and carbides. There is certainly a high degree 
of interaction between metal atom and non- 
metal atom orbitals in these compounds so it 
seems only reasonable to use a bonding model 
which takes these interactions into account. 
If that model is also capable of accurately 


outermost electrons to a vacancy created ir 
the Is core level. According to the dipole 
selection rules only electrons in levels having 
p symmetry can make such a transition. The 
K band, therefore, will reflect only the distribu¬ 
tion of p symmetry in the outer levels and tell 
us nothing about the distribution of s and d 
symmetry. Conversely, the L or M band will 
reflect the distribution of s and d symmetry 
but not of p symmetry. Obviously, if we 
expect to obtain a complete pictute of the 
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outer electronic structure it will be necessary 
to combine the information present in both 
K and L band spectra. Most X-ray band 
structure investigations of compounds have 
not been done from this viewpoint which 
makes the information obtained about the 
band structure very limited in scope. The 
importance of using the combined spectra has 
been recently demonstrated by this author 
for some titanium and vanadium compounds 
[5,6]. In this report, the following spectra 
will be used for the chromium-oxygen com¬ 
pounds: chromium L m (valence orbitals —► 
Cr2p 3 /2), chromium L n (valence orbitals 
Cr2/?72), chromium Kf 3 2l5 (valence orbitals 
Crls), oxygen K (valence orbitals —► 01 s) and 
their corresponding absorption spectra. 

The investigation of these various band 
spectra from chromium-oxygen compounds 
is presented, therefore, with several objectives 
in mind. The primary objective is to empirical¬ 
ly determine the complete outer electronic 
arrangement and energy positions of the bond¬ 
ing, antibonding, and nonbonding molecular 
orbitals. Also, the different valence states and 
coordination numbers of the chromium ion in 
various compounds should, according to MO 
theory, result in quite different energy-level 
arrangements and symmetry character of 
levels. This, in turn, should cause specific 
differences to appear in the X-ray band spectra 
and therefore give a valid indication of whether 
or not the MO model is capable of accurately 
explaining all the changes which occur in the 
spectra. It will be shown that this model is 
indeed applicable to the chromium-oxygen 
compounds. The empirical electronic struc¬ 
ture obtained will be compared to other types 
of experimental data and to theoretical calcula¬ 
tions, where possible. 

It will be seen that the X-ray results do not 
agree very well with theoretical calculations 
of the electronic structure in some cases and 
reasons for the disagreement are suggested. 
New interpretations will be given for the 
optical absorption spectra of the Cr0 4 -2 ion 
based on the X-ray MO structure. In Cr 2 O s 


two types of 3d (r 2 *) electrons am Observed 
and the results do not agree with the very 
narrow d model proposed elsewhere {1, flSJ, 

2. EXPERIMENTAL 

(a) Instrumentation 

The plane single-crystal vacuum spectrometer used to 
obtain the spectra is the same as described previously [21. 
Characteristic X-ray spectra are produced by direct 
electron beam bombardment of the target material. The 
interchangeable anode assembly of brass, copper or 
aluminum is constructed so that the X-ray takeoff angle 
is continuously variable between 0° and 90°. A flow- 
proportional detector with Formvar window and argon- 
methane flow gas is used at a redu ;ed pressure of 120 torr. 
Spectrometer vacuum under normal operating conditions 
is about 1 x lO - * torr. 

Wavelength positions of the spectral features measured 
in this investigation have a probable error of ±0*02 A 
(±0-3 eV) but wavelength differences could be measured 
to ±0 005 A (±01 eV). The data points on the spectral 
curves have a statistical deviation of 2-3 per cent at the 
peak maxima and less than 1 per cent at the tails. 

(b) Dispersing crystal and resolution 

A rubidium acid phthalate crystal (RAP, 
2d — 26* 118 A) was used in obtaining both the 
chromium L and oxygen K spectra[3]. The 
oxygen K bands were also obtained with a 
clinochlore crystal [2d = 28*393 A [2]] to aid 
in removing the anomalous high energy peak 
introduced by the RAP crystal [3]. 

The effective diffraction pattern of the 
spectrometer (window width) was tentatively 
determined although there is not universal 
agreement on the way to do this for a single 
plane-crystal spectrometer. The technique 
used here was to record the Ka } and Ka 2 
lines of V, Cr, Mn, Fe, Co and Ni in various 
multiple orders and compare the measured 
half-widths to the so-called standard half* 
widths by the expression W m 2 = W x 2 + W A 2 , 
where W m = the half-width of the experi¬ 
mentally measured line, W k = the true half¬ 
width of the line and W A = the half-width 
of the spectrometer window. For the RAP 
crystal the instrumental window was calcul¬ 
ated to be 0*81 eV at the CrL m band maximum 
(21*7 A) and 0*53 eV at the oxygen K band 
maximum (23*6 A). With the clinochlore 



2458 


D.W. FISCHER 


crystal the window is 0 94 cV at the oxygen 
Xband. 

Due to the fact that the window width of 
the spectrometer varies with the wavelength 
and that the exact shape of the window is not 
known, the band spectra shown in this report 
have not been corrected for instrumental 
broadening. This is not considered to have 
any significant effect on the spectral interpre¬ 
tations which are offered. 

The chromium K spectra which are used 
were not obtained by the author but were 
taken from the literature. The exact literature 
references are given later in the discussions of 
specific compounds and these spectra are 
also uncorrected for instrumental effects. 

(c) Sample preparation and spectral measure¬ 
ment 

To obtain the emission band spectra, target 
specimens of Cr 2 0 3 were prepared by mixing 
a fine powder into a slurry with ethanol and 
painting it in a thin film on the anode surface. 
Specimens of Cr0 3 , the chromates and di¬ 
chromates were prepared in a similar fashion 
except that the slurry liquid was H z O instead 
of ethanol. After painting it on the anode 
surface, the specimen film was dried in air at 
120°C, coated with a finely sprayed film of 
graphite and placed immediately into the 
spectrometer vacuum. When prepared in this 
fashion, all of the compounds, including Cr0 3 , 
remained chemically stable under normal 
excitation conditions. 

Each of the sample materials was obtained 
from at least two different sources and 
checked by X-ray diffraction. One of the 
Cr 2 O a specimens was a broken segment of a 
special high purity single crystal. 

Obtaining the X-ray band spectra from 
these materials involved a tremendous amount 
of work. For each spectrum shown in this 
report, at least 20 complete runs were made. 
These runs were made under a wide variety 
of excitation conditions by varying parameters 
such as the bombarding electron beam voltage. 


the beam current, the sample chamber vacu¬ 
um, and the length of time that the sample 
was subjected to the primary electron beam. 
Before any of the spectra were considered to 
be truly characteristic of the original sample 
material they had to be completely reproduc¬ 
ible time after time. All of the chromium L 
and oxygen K spectra shown here satisfy this 
requirement. This is important because a 
typical bombarding electron beam voltage 
of 3-4 kV will only probe the first 100 layers 
or so below the surface. If any chemical 
change occurs at or near the surface during 
the excitation process, the soft X-ray band 
will not be characteristic of the starting 
material. 

For the chromium L and oxygen K wave¬ 
length region it is extremely difficult to make 
absorption specimens which are both uniform 
enough and thin enough to transmit the con¬ 
tinuum radiation in the usual manner. Success¬ 
ful films were made for only one of the com¬ 
pounds, Cr 2 0 3 . This was done by mixing an 
ultrafine powder in a dilute solution of parlo- 
dion in amyl acetate. Using an eyedropper, a 
few drops of this mixture were deposited on 
the surface of a shallow pan of water. The 
drops spread out to form a uniform film which 
can be picked up on a wire hoop. The film 
thickness can be varied by the amount of 
powder mixed in the solvent originally. An 
optimum thickness was determined by trial 
and error and for the CrL m absorption in 
Cr 2 0 3 it was found to be about 0-6 mg/cm 2 . 

The CrLjn and OK absorption spectra for 
all of the other materials were obtained by the 
differential self-absorption method which has 
been explained previously [2, 3]. Although one 
cannot obtain absolute absorption coefficients 
from these self-absorption spectra they have 
the advantage of being obtained from the same 
specimens and at the same time as the emis¬ 
sion bands. This considerably simplifies the 
matching of emission and absorption energy 
scales and provides strong confidence that 
both types of spectra represent precisely the 
same chemical state of the target material. 
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3, RESULTS AND DISCUSSION 
(a) General comments 

The chromium compounds of particular 
interest in this investigation are the oxides 
Cr 2 0 3 and Cr0 3 , the chromates (Cr0 4 ~ 2 ), 
and dichromates (Cr 2 (V 2 ). In each of these 
materials the chromium ion is either octa- 
hedrally or tetrahedrally coordinated to the 
oxygen ligands. In Cr 2 0 3 , chromium has a 
4- 3 valence and occupies a slightly distorted 
octahedral site; in Cr0 3 , Cr0 4 ~ 2 and Cr 2 0 7 ” 2 , 
chromium has a 4- 6 valence and is tetrahedral¬ 
ly coordinated. This tetrahedron becomes 
quite distorted in progressing from Cr0 4 “ 2 to 
CrO a to Cr 2 0 7 “ 2 . As will be shown, this distor¬ 
tion has a significant effect on the X-ray band 
spectra, and is caused directly by gross varia¬ 
tions in the chromium-oxygen and chromium- 
chromium interatomic distances. The various 
crystallographic parameters which influence 
the bonding, and hence the X-ray bands, are 
summarized in Table 1. 

The chromium L IUII emission and absorp¬ 
tion spectra from the compounds compared 
to that from the pure metal are illustrated in 
Fig. 1. Except for the pure Cr spectrum and 
Cr 2 0 3 emission band, none of these spectra 
have ever been shown in the literature before. 
As can be seen, the total band spectrum 
covers the 550-590 eV (21 ’0 to 22-5 A) energy 
region. Each of the emission bands (solid line 
spectra) are subject to serious distortion from 
self-absorption effects very similar to that 
shown previously for titanium and vanadium 


bands[2,3,5,6]. Consequently, the bands 
illustrated in Fig. 1 were obtained under condi¬ 
tions of negligible self-absorption although 
multiple-vacancysatellite emission is at satura¬ 
tion [2]. The numbers placed on the high 
energy tails of the emission bands indicate 
the bombarding electron beam voltage, beam 
current and takeoff angle with which they 
were obtained. Each of the L| Un absorption 
spectra from the compounds (dashed curves) 
are self-absorption replicas obtained as des¬ 
cribed previously [2, 3, 6]. The pure metal 
spectrum is included only for reference pur¬ 
poses and will be discussed in detail in a 
subsequent report. 

The oxygen K emission and absorption 
spectra from these same compounds are 
shown in Fig. 2. Here also, the emission bands 
(solid curves) were obtained with negligible 
self-absorption and are uncorrected for broad¬ 
ening effects. Absorption spectra (dashed 
curves) are self-absorption replicas. The rela¬ 
tion between these oxygen spectra and the 
chromium L n ,m and chromium K bands will 
later be compared in detail for each compound. 

In Figs. 1 and 2 each of the emission maxi¬ 
ma is denoted by a capital letter and each of 
the absorption maxima by a lower-case letter. 
The energy positions and relative intensities 
of these maxima are the basis of the molecular 
orbital interpretation which will follow. As 
mentioned earlier, each of the compounds 
represented in the figures result from different 
coordination symmetries and/or valence states 


Table 1, Interatomic distances in some chromium-oxygen compounds 


Compound 

Cr co-ord no. 

Structure 

Cr-O distances (A) 

Shortest 

Cr-Cr distance (A) 

Cr metal 

8 

B.C.C. 


2*50 

Cr 2 0 3 (Ref. [ 20 ]) 

6 

Rhombohedral 

Op O z , 0 3 — 2 02 
0 4 ,0 5 ,0*= 1 97 

2*65 

Cr0 3 (Ref. [40]) 

4 

Orthorhombic 

Op O z — 1-79 
0 3 , 0 4 * 1 81 

3*32 

Na,CrO. (Ref [41]) 

4 

Orthorhombic 

O], Oj» O 3 , 0 4 — 1 *60 

4*62 

(NH.) 2 Cr 2 0, (Ref [41]) 

4 

Monoclinic 

O t - 1*55 

0 2 = 1*57 

0 3 = 1 '78 

0 4 = 1*91 

3*22 
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Fig. 1. Unconnected chromium L lu „ emission and absorption spectra 
from pure element and compounds. Emission bands obtained under 
negligible self-absorption conditions. Absorption spectra from com¬ 
pounds are self-absorption replicas. All spectra normalized to same 
height for comparison purposes. 

of the chromium ion. According to MO theory, tion of the spectra is at least qualitatively 
each of these symmetries should lead to a correct. The interpretation which is offered 
different interaction between the chromium here follows along the same lines developed 
and oxygen outer orbitals and therefore pro- previously for titanium and vanadium com- 
duce different MO energy-level arrangements, pounds [4,6]. The derivation and formation 
This in turn should result in specific differ- of molecular orbitals for various coordination 
ences in the X-ray emission and absorption symmetries is text book information [17, 18] 
bands and provide a reasonably good test of and will not be detailed here. It is of interest, 
whether or unof the proposed MO interpreta- however, to know what type of MO diagram 
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Fig. 2. Uncorrected oxygen K emission and absorption 
spectra. Emission bands obtained under negligible self¬ 
absorption conditions. Absorption spectra are self¬ 
absorption replicas. All spectra normalized to same 
height for comparison purposes. 

is to be expected, in general, for a transition 
metal ion in octahedral and tetrahedral sym¬ 
metry sites. This is indicated schematically in 
Fig. 3. These diagrams are adapted from 
Ballhausen and Gray’s book[17] and are based 
on the assumption that the metal ion 3d, 4 j 
and 4p atomic orbitals interact in the LCAO 
approximation with the oxygen 2s and 2 p 
orbitals. As such, they are only qualitatively 


correct but they provide a firm starting point 
for interpreting the individual X-ray spectra. 
The idea now is to assign each X-ray spectral 
maximum as being due to an electron transi¬ 
tion between a 4pqcific MO and core level. 
Actually, this is considerably easier to do for 
X-ray spectra than for optical spectra because 
in the X-ray case the inner level is essentially 
atomic in character and can be considered to 
have a constant energy value for a given 
compound. If such MO assignments can be 
made with a reasonable degree of confidence 
for both the X-ray emission and absorption 
spectra then obviously these spectra will form 
a strong empirical foundation for deducing a 
complete and accurate molecular-orbital 
structure for each compound. Since no other 
experimental technique has been proven 
capable of doing this, the results could have 
far-reaching significance as to the virtually 
untapped potential of the soft X-ray band 
spectra from compounds. 

For the chromium and oxygen band spectra 
discussed in this report the MO interpreta¬ 
tions rely heavily on the usual dipole selection 
rules. By taking into account the relative peak 
intensities and their relative energy positions 
for each spectral series, therefore, we might 
expect to make reasonably confident assign¬ 
ments for each component. This will be done 
and explained in detail for each type of com¬ 
pound in the sections which follow. Included 
with the schematic MO diagrams in Fig. 3 are 
vertical lines indicating which MO’s would 
most likely be expected to contribute to the 
CrL m and OK spectra. The MO’s contributing 
to the CrLn, band contain at least some 3d or 
4$ admixture while those involved in the OK 
band contain 2 p states. Table 2 contains the 
peak assignments for the CrLn.ni -spectra 
shown in Fig. 1. Table 3 lists the experi¬ 
mentally measured energy positions for these 
peak maxima. Tables 4 and 5 give comparable 
data for the oxygen K spectra. These tables 
will be frequently referred to in the following 
sections and although the reasoning behind 
the specific electron transition assignments 
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Fig. 3. Schematic molecular-orbital energy-level diagrams for chromium in octahedral and 
tetrahedral symmetry sites with oxygen anion. Vertical lines indicate electron transitions most 
likely to contribute to specific spectra. Diagrams adapted from Ballhausen and Gray[17]. Not 

drawn to scale. 

may not be apparent at this point, it will be spectra shown here; (1) both Gaussian and 
later on. Lorentzian unfolds were tried for each spec- 

Each of the CrL m and OK band spectra trum and (2) the simplest solution was sought, 
illustrated in the following sections have been i.e., the spectra were resolved into as few 
unfolded into their constituent components components as possible. As a result it was 
by means of the DuPont Model 310 Curve found that the CrL„, spectra (both emission 
Resolver. Since complicated spectra can often and absorption) were best approximated by 
be resolved into almost as many components Gaussian components and the OK spectra by 
as the operator has the patience to attempt, Lorentzian components. This was the case for 
two basic points were adhered to for the- every compound, including many which are 
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Table 2. Suggested electronic transitions responsible for intensity 
maxima observed in chromium Ln.m emission and absorption 
spectra from compounds 


Peak 


Emission spectra < 

Electron transition Electron transition 

Octahedral site Tetrahedral site 


B 

lha 2pf 

not observed 


F 

U 2a —► 2 p\ 

3/ 2 - 2pi 


A 

2e 0 -+ 2pi 

\e ->2pi 


G 

2a l0 —+ 2 p\ 

2a , - 2 P \ 


C 

le 0 -2 pi 

1/* - 2 p\ 


D 

\a l0 - 2 p\ 

\a x —► 2 pi 


T 

2hy -* 2 pi 

not observed"! 

K 

\t 20 -► 2pi 

3/, - 2pi 

H 

2e a —► 2 pi 

\e -+ 2pt 

i 

E 

\a iir \e Q -+ 2p\ 



Absorption spectra 


L m components 


—L u components 



Electron transition 

Electron transition 

Peak 

Octahedral site 

Tetrahedral site 

a 

L,n edge 

Liu cd8 e 


b 

2 p\ —► 2 1 20 

2 p\ — * 2e 


c 

2pi->3e g 

2p\ - At, 

L m components 

8 


2p\ —> en _ 


k 

L u edge 

L ri edge 


m 

2 pt-* 2t iu 

2 p\-+ 2e 

—L„ components 

n 

2p\ 3e 0 

2 p \ 4 t K 


f 

exciton (?) 

exciton (?) 


Table 3. Energy positions of peak maxima in chromium L n . U j emission and absorption 
spectra . All values given in eV with probable error of ±0-2 eV 


Material 

B 

F 

Emission spectra 

A G 

C 

D 

T 

H 

K 

Cr metal 

571-5 

— 

— 

— 

_ 

_ 

580-8 

_ 

_ 

Cr 2 O a 

[572-1-1 

l 573 ’ 8 j 

569-2 

566-4 

563-4 

553-2 

551-3 

582-3 

— 

— 

CrO a 

— 

574-7 

571-5 

569 3 

558-0 

553-8 

— 

580-8 

584-0 

Na^CK^ 

— 

575-7 

572-5 

569-3 

558-9 

554-6 

— 

581-6 

584-7 

Na 2 Cr 2 0 7 


573-9 

571-7 570-3 

Absorption spectra 

558-7 

553-8 


581-5 

586-2 

Materia] 

/ 

a 

b 

c 

d 

8 

k 

m 

n 

Cr metal 


573-8 

574-6 

575-7 

577-2 


583-3 

584-2 

585-2 

Cr z 0 3 

572-9 

575-0 

576-0 

578-1 

580-5 

— 

5840 

584-9 

586-9 

0rO 3 

572-1 


577-1 

[578-91 

L580-4J 


575-9 


586-2 

588-2 

Na-jCK^ 

573-9 

576-9 

577-9 

580-2 

— 

— 

— 

— 

— 

NasCr 2 0 7 

572-9 

— 

577-7 

579-7 

— 

575*9 

— 

586-5 

588-9 


V 
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Table 4. Suggested electronic transitions responsible for intensity maxima 
observed in chromium K and oxygen K X-ray spectra from chromium- 

oxygen compounds 




Electron transition 

Electron transition 

Spectrum 

Peak 

Octahedral site 

Tetrahedral site 


\Kfa (or Kfa) 

21$ 

lt 2 -* Is 

Cr K Emission- 


3 t lu —* 1 5 

not observed 


1*0" 

1 —i► Is 

\t t -+ Is 


\ h 

1 s — ► 2 1 20 

not observed 

Cr K Absorption — 

c 

d 

1$ -*• 3e/ 
l.v —► 3 a i0 

Is -* 4 t 2 

Is — > 3 flj 


je 

-* 4 t iu 

\s -> 5i 2 


\ A 

U 2u -+ \s 

— 

O K Emission- 

1 B 

C 

t\o* t'2u h 

2t ]u —► Is 

t, -► 1.? 

\e -* Is 


_D 

2t. iy Is 

— 


~a 

K edge 

K edge 

O K Absorption — 

b 

c 

\s -* 2t, u 

1 s -> 3e a 

1 s —* 2e 

Is —> 4 1 2 


J 

exciton (?) 

exciton (?) 


Table 5. Energy positions of peak maxima in oxygen K emission and absorption 


spectra. All values given in eV with probable error of ±0*2 eV 


Material 


Emission 

_ 1 _ 



Absorption 

L 


* A 

B 

C 

D 1 

'/ 

b 

r 1 

Cr^Oj 

523-0 

524-7 

521-7 

527-7 

527-5 

529-3 

531-9 

Cr0 3 

— 

525-5 

523-6 

— 

526-4 

529-1 

[531-0] 








L532-4J 

Na*Cr0 4 

523-8 

525-2 

522-6 

— 

526-5 

528-5 

530-9 

NazC^Or 

523-9 

525-5 

522-6 

— 

526-3 

528-6 

[530-1] 








[530-8] 


not shown in this report. Why the different 
spectra should unfold into different symmetry 
components is not clear to the author. Inner 
levels are generally believed to be Lorent- 
zian in shape while outer levels (molecular- 
orbitals) are often assumed to have a Gaussian 
shape [19], At any rate, whether coincidental 
or not, the unfolding procedure used here 
results in precisely the correct number of 
components predicted by the MO mode) for 
both octahedral and tetrahedral compounds. 
With certain reservations, these unfolded 
componepjU can be used not only to accur¬ 
ately pOttftten the individual electronic orbitals 


but to give some indication of their width as 
well. 

With these points in mind, let us now pro¬ 
ceed to examine the X-ray band spectra from 
some individual compounds. 

(b) Cr 2 0 3 

Cr 2 0 3 crystallizes in the corundum structure 
in which the chromium-oxygen octahedraon 
is slightly distorted [20]. Along the threefold 
axis the chromium ions (cations) form pairs 
and are ordered antiferromagnetically up to 
the Neel temperature of about 45°C[21]. It 
-is an insulator both above and below this 
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temperature. Apparently no calculations have 
been made of the electronic band structure 
for Cr 2 O s but some work has been done on 
the isostructural compounds Ti*0 3 and V 2 O a 
[1,16,22,23]. It will be assumed here that' 
certain features of the band structure for 
these three sesquioxides (corundum phase) 
are very similar, the main difference being the 
number of 3d electrons. 

The CrLmn emission and absorption spectra 
obtained from Cr 2 0 3 are shown in Fig. 1. 
According to the dipole selection rules these 
spectra should reflect primarily the distribu¬ 
tion of 3d symmetry in the outermost levels of 
the compounds. Since it is these d electrons 
that are mainly responsible for many of 
the important properties (e.g. conductivity, 
magnetism), the L n . m spectra should contain 
some important information about the struc¬ 
ture. It is obvious in Fig. 1 that the appearance 
of the emission band from Cr 2 0 3 is consider¬ 
ably different than that from elemental Cr. 
New components labeled F, A, G, C, O and 
E are observed in the oxide but not at all in 
the pure metal. This is exactly what was 
observed previously for the L, ItIII bands from 
titanium and vanadium oxides[4]. The extra 
components in those oxides were interpreted 
as being due to the presence of ligand 2 p and 
2s orbitals and the same explanation is used 
here for Cr 2 0 3 . It will be noticed in Fig. 1 
that the Ln.m absorption spectrum does not 
change as much as the emission band in going 
from metal to oxide. The exact energy posi¬ 
tions of each of the emission and absorption 
maxima referred to are listed in Table 3. 

In order to interpret the Ln.m spectrum from 
Cr 2 0 3 it is necessary to have also at hand the 
CrK and OK band spectra. It is also helpful to 
refer to the schematic MO energy-level dia¬ 
gram for octahedral symmetry shown in Fig. 
3. The method of relating the X-ray spectra to 
the MO structure is illustrated in Fig. 4. 
Shown here are CrL m and OK spectra ob¬ 
tained in this work and CrK band spectrum 
taken from Menshikov and Nemnonov[24], 
The zero of energy is arbitrarily placed at the 


Fermi energy which is here assumed, to b© " 
the CrL m absorption edge. Each of the spectr&\ 
is positioned on the relative energy scale by * 
lining up peaks b and c in the absorption 
spectra. The reason for this will become 
apparent shortly. 

As mentioned earlier, the CrL m spectrum 
has been resolved into Gaussian components 
and the OK spectrum into Lorentzian compo¬ 
nents. Before unfolding the L m emission band, 
everything on the high energy side of the L m 
absorption edge was subtracted away. It is 
assumed that any emission components which 
occur on this side of the edge are L m multiple 
ionization satellites and L n band features and 
can therefore be ignored in determining the 
MO structure. Also, all the absorption features 
which occur to the high energy side of maxi¬ 
mum d (see Fig. 1) are ignored since they are 
L n absorption transitions involving the same 
outer orbitals represented by the L n , compo¬ 
nents (see Table 2). The CrK spectrum has 
not been unfolded because it has been re¬ 
plotted from a Russian publication and not 
enough is known about the experimental 
conditions used to obtain it. 

Now, referring to Figs. 3 and 4, let us 
examine the CrL m emission band. Since this 
spectrum should reflect primarily the distribu¬ 
tion of 3 d states we will assume that the main 
components are due to transitions from the 
occupied orbitals which contain a significant 
amount of 3 d character. Peaks B , F and A are 
therefore assigned as originating in the 2 t l0 , 

1 t 2u and 2e g MO’s respectively. The 2 t 2o 
orbital is only partially occupied so it should 
be involved in the absorption spectrum also. 
In fact, it is assumed that the first two absorp¬ 
tion maxima represent the two lowest vacant 
MO’s which are 2 t 2o and 3e 0 . These two 
orbitals consist mostly of 3d character but 
there is also expected to be some p character 
present because of the chromium-oxygen 
orbital overlap. Indeed, both the CrK and OK 
absorption spectra contain b and c maxima 
and it is the alignment of these peaks in all 
three spectra which dictates their relative 
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Fig. 4, Empirical deduction of MO structure of Cr 2 0 3 by combining the chromium 
L, chromium K and oxygen K X-ray band spectra. 


positions on the energy scale. In the chromi¬ 
um K emission band the two strongest peaks 
are assumed to originate in orbitals consisting 
of some 4 p symmetry, which in this case 
would be the 2 t lu and 3f lu orbitals. It is further 
assumed that the main oxygen K emission 
component originates in the / 2u and t Xg non- 
bonding 2 p ‘lone-pairs’. Peaks C and D in the 
L n , band and K0”, in the K band would then 
be due to the le g , 1 a l0 and l/ lw levels which 
are associated primarily with 0 2s states. As 
can be seen in Fig. 4, one of the really attrac¬ 
tive features of such an MO interpretation is 
that orbitals such as l/ 30 , 2 t 2o and 3e g which 
consisU^I|dmixed 3d and 2 p states contribute 
compoi$(M|ts to both the CrL m and OK spec¬ 


trum. Furthermore, the relative intensities of 
the peaks reflect the relative degrees of ad¬ 
mixture which would be intuitively expected 
from the normal assumptions made about the 
individual orbitals as being either strongly 
bonding or slightly bonding and as being 
localized primarily on either the metal ion or 
ligand. The MO assignments for all the peaks 
are summarized in Table 2. 

One of the more significant consequences of 
the peak assignments discussed above is 
brought to light by a closer examination of 
peaks B, b and d in the CrL m spectrum. Peak 
B actually consists of two components B, and 
B 2 . It is suggested here that all four of these 
components, B u B 2 , b and d involve 2 t l0 
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orbitals. This is a consequence of the two 
different but simultaneous kinds of bonding 
involving the 3d (t tg ) electrons. In the corun¬ 
dum structure, c-axis cation-cation pairs are 
formed and strong t 2B -hg covalent bonding 
can occur between the cations (in this case 
chromium) forming the pair[22,25,26]. The 
other type of bond is the t 2e -pn (chromium- 
oxygen) bond. In order for these two types of 
bonding to be clearly observable in the L, n 
spectrum the 2 t 2o orbitals would be required 
to become non-degenerate and split apart 
considerably in energy. Some splitting will 
occur as a consequence of the trigonal field 
in the corundum structure. Also, the chromi¬ 
um atoms forming the c-axis pairs have the 
closest cation-cation distances in the struc¬ 
ture (see Table 1) and the t 2a orbitals associated 
with the covalent bonding in this pair could 
exhibit a rather large bonding-antibonding 
splitting[22,25]. The antiferromagnetic order¬ 
ing could further contribute to the splitting. 
Therefore it is suggested that CrL In compo¬ 
nents B, and d represent the bonding and 
antibonding set of the 2 t 2o orbital associated 
with chromium-chromium covalent bond. 
These components are labeled 2t\ o (M) and 
2 t° g (M) respectively (Fig. 4) and are assumed 
to be single electron states. The 2t b 0 {M) 
orbital is occupied, the 2 t? lg (M) orbital is 
vacant. Components B 2 and b would then 
represent the occupied and vacant two- 
electron states associated with the 3d-2pv 
bond. They are labeled 2t 2g (X) and 2t* g (X) 
in Fig. 4. 

The three outermost electrons in Cr 2 0 3 are 
therefore involved in two distinct bonding 
mechanisms. One of the electrons is localized 
in a metal-metal covalent bond and the other 
two are associated with the metal-oxygen 
it bond. Whether or not this latter orbital has 
a true energy gap between the occupied and 
vacant states is not clear from the X-ray 
spectra but the Fermi energy is assumed to be 
in this region. There is no obvious evidence 
of a collectivized orbital. 

The above interpretation is further sup¬ 


ported by the fact that since components 
B, and d represent the metal-metal covalent 
bond, they should consist of pure 3 d character 
(more or less) and therefore should not contri¬ 
bute to either the CrK or OK spectra. As can 
be seen in Fig. 4 there are indeed no compo¬ 
nents in either of the K spectra corresponding 
to the energy positions of B, and d. On the 
other hand since components B 2 and b in the 
Liu spectrum are interpreted as being due to 
the 3d-2pir bond, they should also contribute 
something to the oxygen K spectrum and 
perhaps also to the Cr K spectrum. It is seen 
in Fig. 4 that these contributions do actually 
occur as evidenced by peaks D and b in both 
the O K and Cr K spectra. These spectral 
relations are also evident in Table 6. 

Actually, the above interpretation of peaks 
B, b and d in the L m spectrum is not based 
solely on the results obtained for Cr 2 O s . Much 
consideration was also given to the TiL m 
spectrum from Ti 2 O a and the VL m spectrum 
from V 2 0 3 which have been shown previously 
[2-4]. It is an experimental fact that the 
relative intensity of emission component B 
and also absorption component b in these 
oxides is directly proportional to the number 
of 3d electrons while the intensities of compo¬ 
nents F, A and G remain virtually unchanged 
with respect to each other. It must be con¬ 
cluded, therefore, that components B and b 
are associated with the partially occupied 
2 t 2o orbital and that components F, A and 
G are associated with orbitals which are filled 
in all cases (see Table 2). 

The CrK band shown in Fig. 4 has been 
interpreted by Menshikov and Nemnonov[24] 
in terms of two different types of d electrons 
but their interpretation is not in agreement 
with the one presented here. They concluded 
that the K/3' peak was associated with the 
collectivized (conduction) d electrons, the 
Kf 3j peak with the localized d electrons, and 
the K) 3" peak as due to a crossover transition 
of the oxygen valence electrons to the chromi¬ 
um K level. According to the MO model of 
Fig. 4, however, all three of the X/3 peaks are 
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Table 6. Line widths and relative intensities of unfolds in Cr 2 0 3 band spectra . The 
values have not been corrected for spectrometer window or internal level width 

Relative integrated 


Spectrum 

Component 

Assigned MO 

Wi(eV) 

intensity (emission) 

Cr/ Jm 

By 

2t$ a (A/) cation-cation 

30 

89 

(Gaussian) 

B , 

2*20 (AQ cation-anion 

2*4 

100 

3 d character 

F 

1 tia 

3*3 

62 


A 


3-4 

60 


G 

2a i0 

3*8 

21 


b 

2 t$ a (X) cation-anion 

2*4 

— 


c 

3*, 

2*1 

— 


d 

2 t% g {M) cation-cation 

3*0 

— 

OK 

B 


2*8 

100 

(Lorentian) 

A 

1^20 

1*6 

21 

2 p character 

C 

2 / i k 

1*7 

23 


D 

2t u (X) 

1*8 

5 


b 

2 t;„(X) 

M 

— 


c 


1-5 

— 


seen to be associated with localized orbitals 
consisting partially of chromium Ap character. 
Peak Kf 3' arises from the Ap-lpir bond, peak 
KP 5 from the Ap-lpcr bond, and peak Af/3" 
from the Ap-2s bond. This interpretation is 
more in accord with the dipole selection 
rules than that offered by Menshikov and 
Nemnonov. It serves, however, as a good 
example of the advantage gained in using the 
combined K and L spectra for structure 
determinations instead of relying on one 
spectrum alone. 

Adler and Brooks [16] have postulated that 
the d bands in transition metal oxides, such as 
Ti 2 0 3 and V 2 0 3 , are extremely narrow, being 
on the order of a few tenths of an e V in width. 
From their arguments one would also expect 
the narrow band model to apply to Cr 2 O t ,. 
In fact, if anything, the d bands in Cr 2 0 3 
would likely be even narrower than in the 
corresponding titanium and vanadium oxides 
because when moving across the 3 d series the 
d orbitals are contracted by the increased 
nuclear charge and nearest-neighbor overlap 
would not be as great [26]. The X-ray band 
spectra, however, do not appear to support the 
narrow band model. In the case of Cr 2 0 3 , the 
CrL^gemission band has been resolved into 5 
components 4 ftftd the L m absorption into 3 


components as shown in Fig. 4. The measured 
half-widths and relative integrated intensities 
of these components are listed in Table 6. 
Before trying to relate the measured compo¬ 
nent widths to the actual electron orbital 
widths, they must first be corrected for various 
broadening effects. The two primary effects 
to consider here are the width of the instru¬ 
mental window and the width of the core level. 
For the experimental arrangement used to 
obtain the CrL m band, the spectrometer 
window width is approximately 0-8 eV. The 
chromium L m level is believed to have a width 
of about 0-4 eV [27]. This means that* the 
experimental probe has a total full-width at 
half-maximum of about 0 9 eV. Molecular 
vibrations and spin-orbit coupling may also 
cause some level broadening but probably 
amount to no more than a few tenths of an 
eV. As can be seen in Table 6, the uncorrected 
component widths are considerably larger 
than the sum of the broadening distortions 
just mentioned. The B , and d components, for 
instance, which are associated with the d 
orbitals of the cation-cation bond have a 
measured half-width of 3*0 eV. Assuming a 
conservatively large correction of l-3eV, 
there is still at least a T7 eV width which 
remains. Similarly, the d orbitals of the cation- 
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anion bond (components B 2 and b) would have 
a corrected half-width of about 1 eV. While 
these values contain some uncertainties, it is 
nevertheless apparent that the d orbitals in 
Cr 2 0 3 are considerably broader than is pro¬ 
posed in the Adler-Brooks model [16]. This 
is also the case in the X-ray band spectra of 
the titanium and vanadium oxides shown pre¬ 
viously^-^ 6] Some recent photoemission 
studies on Ti0 2 and V0 2 by Derbenwick also 
fail to support the narrow d band model [28]. 

The components of the oxygen K spectrum 
tend to be narrower than those of the CrL m 
spectrum as indicated in Table 6. This is 
mainly due to the fact that both the spectro¬ 
meter window width (0*5 eV) and inner level 
width (0-2 eV) are smaller for the oxygen 
spectrum. All of the individual molecular 
orbitals in Cr 2 0 3 appear to have half-widths 
on the order of 1 to 2 eV. Some solid-state 
broadening should be expected due to electron 
interactions between atoms in neighboring 
octahedra. Also, the distortion from ideal 
octahedral symmetry may cause unresolved 
splitting of degenerate orbitals which would 
make levels appear broadened. 

If the method of unfolding the spectra, 
especially the CrL m band, is accepted as 
being reasonably correct then the relative 
intensities of the components can be used to 
provide a general indication of the amount of 
3 d character in the e 0 and t 2u valence orbitals. 
The results are given in Table 7. In determin¬ 
ing the values in the last column of the table, it 
was first assumed that the single-electron 


2<M9 

2fg e orbitals associated with the chromium- 
chromium covalent bond (components B t and 
d) represented 100 per cent d character. 
These components were assigned an arbitrary 
.intensity value of 100 and the other compo¬ 
nent intensities then scaled on a relative basis 
to them. The relative intensity values were 
then divided by the number of electron states 
appropriate to the orbital. It is difficult to 
assess the accuracy of the results since they 
depend primarily on the unfolding procedure. 
It must first of all be assumed that the transi¬ 
tion probability remains constant throughout 
the band. In addition, there are certain reserva¬ 
tions about relating the intensities of absorp¬ 
tion components on the same basis as emis¬ 
sion components. Nevertheless, the results 
given in Table 7 are interesting in that they 
confirm, in a general quantitative way, the 
expected degree of cation and anion contribu¬ 
tions to the various t 2ll and e„ orbitals. The 
bonding orbitals ( 2e„ and \t 2 „) are seen to be 
strongly polarized toward the oxygen ions 
whereas the antibonding orbitals (3e„ and 
2 t 2g ) are polarized toward the chromium ions. 
According to the intensity values given in 
Table 7, there are 3-5 d electrons in the 
occupied orbitals of Cr 2 0 3 . In principal, this 
same technique could be applied to the K 
bands for determining the relative percentages 
of 2 p and 4p character in the appropriate 
orbitals. In fact, if the relative intensities of 
all components in the K and L m spectra were 
known, the relative contribution of all the 
atomic orbitals to each of the valence molecul- 


Table 7. Relative percentages of 3d character in e g and t 2g valence orbitals 
of Cr 2 0 :) as determined from unfolded CrL m band spectrum 


\jn~%d character 


Component 

Number of 
electron states ( n) 

Relative 

integrated intensity 

I In 

B i (2t 2a Cr-Cr) 

1 

100 

1007 


B 2 (2t iu Cr-0) 

2 

112 

56 


h„) 

6 

70 

12 


A( 2e g ) 

4 

67 

17 J 


b{2t i0 Cr-O) 

2 

176 

88 


c( 3-e,) 

4 

205 

51 

— 

d(2h B Cv-Cx) 

1 

100 

1Q0 



occupied states 
(total 3 5d electrons) 

- vacant states 


V 
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ar orbitals could be empirically determined. 
For the particular case of Cr,O s , however, 
not enough is known about the various para¬ 
meters involved in the CrK band measure¬ 
ment^] to attempt a meaningful unfolding of 
the spectrum. The authors spectrometer does 
not have the necessary resolution at this short 
wavelength (21 A) to permit an accurate K 
band measurement. 

According to the MO interpretation which 
has just been suggested, all of the individual 
molecular orbitals of Cr 2 0 3 can be empirically 
placed on a relative energy scale as in Fig. 4. 
The energy values of each X-ray component 
are listed in Tables 3 and 5. This data could be 
placed on an absolute scale if accurate binding 
energies were obtained for the inner subshells 
by electron spectroscopy measurements. This 
author is unaware of any such work done for 
Cr 2 0 3 but the usefiillness of the measurements 
has been demonstrated by Anderman and 
Whitehead [15] for some sulfur and chlorine 
compounds. 

There is one other piece of experimental 
evidence that can be used to gauge the correct¬ 
ness of the empirical MO structure of Fig. 4. 
That evidence is found in the optical absorp¬ 
tion spectrum of a-Cr 2 0 3 measured by 
Neuhaus[29]. The first prominent peak in 
that spectrum is at 21 eV and is believed to 
be a measure of A, the ligand field splitting 
parameter. In Cr 2 0 3 A would correspond to 
the energy separation between the 2 1* and 
3e ff orbitals. From Fig. 4, however, it is seen 
that both these orbitals (absorption peaks 
b and c) are vacant and so no electrons are 
normally available to give rise to an optical 
transition between them. It is also seen from 
Fig. 4 (and Table 3) that the energy separation 
between the highest occupied orbital (B 2 ) and 
the lowest vacant orbital ( b ), both of which 
have 2 t 2a symmetry, is 2-2 eV. This is in good 
agreement with the optical value and apparent¬ 
ly it is this separation and not A that the 
optical absorption spectrum is measuring. 

It is also of some interest to note that the 
MO structure of Fig. 4 indicates that the 


oxygen 25 levels are involved in the bonding 
in Cr 2 0 3 . The presence of peaks C and D in 
the L m band and peak Kfi" in the K band 
cannot be readily accounted for unless there 
is assumed to be slight ihteraction between the 
025 level and the Cr 3d, 45 and 4 p levels. 

From the preceeding discussions we are 
now in a position to list several points in 
support of the MO interpretation which has 
been suggested for the X-ray band spectra of 
Cr 2 O a . The facts of note are: 

(1) Individual X-ray spectra. The main 
peaks in each spectrum follow the expected 
selection rules, i.e., main peaks in the L band 
arise only from orbitals having considerable 
d or s character; main peaks in the K band 
arise only from orbitals having considerable 
p character. 

(2) Combined X-ray spectra. Orbitals which 
consist of admixed chromium 3 d and oxygen 
2 p symmetries (le, 2e, 2 t 2o . . .) contribute to 
both the chromium L and oxygen K bands. 
Orbitals which are virtually atomic in charac¬ 
ter (r 2 «, cation pair t 2g ) contribute only to the 
appropriate spectrum of the element involved. 

(3) The intensities of CrL m spectral compo¬ 
nents associated with the bonding and anti¬ 
bonding t 2g and e g orbitals show the expected 
relative contributions of 3dand 2 p symmetries. 

(4) The separation between the highest 
occupied and lowest vacant orbitals as 
measured by the X-ray spectra is in good 
agreement with that measured by the optical 
absorption spectrum. 

(5) There are no ‘left-over* components in 
the unfolded spectra. Each component can be 
logically assigned to a specific molecular 
orbital. 

In addition to the above points, it is found 
that the empirically deduced energy positions 
of the individual orbitals in Cr 2 0 3 are in 
reasonable agreement with calculations made 
for other octahedrally coordinated chromium 
complexes, e.g., CrF 6 3 ~[30]. The ordering of 
the orbitals is slightly different in the empirical 
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structure but the relative energy ranges in 
which they occur show tolerable agreement. 
Further support for the MO method will be 
found in the following sections on tetrahedral 
chromium-oxygen compounds. 

(c) CrOr* 

In the CrOr* ion the chromium atom is 
surrounded by a regular tetrahedral arrange¬ 
ment of oxygen atoms. This tetrahedral field 
will result in a different molecular orbital 
structure than that of octahedral Cr 2 0 3 as 
illustrated in Fig. 3. Consequently, consider¬ 
able differences should also be observed in the 
CrL m , CrK and OK X-ray band spectra. 

In obtaining the X-ray bands, three different 
chromates were studied; Nai>Cr0 4 , K 2 Cr0 4 
and PbCr0 4 . As expected, they each yielded 
virtually identical spectra. Both the emission 
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and absorption spectra shown in this report 
are from Na^CrO^ 

The CrLm X-ray spectrum from Cr0 4 ~* is 
shown in Fig. 1. Notice that it is indeed quite 
different in appearance from the Cr 2 0 3 spec¬ 
trum. The oxygen K spectrum is shown in 
Fig. 2. These two spectra are then combined 
with Best’s CrK band[8] in Fig. 5. The object 
of Fig. 5 is to empirically deduce the Cr0 4 ~* 
MO structure in a manner similar to what was 
done in the previous section for Cr 2 O a . A 
general schematic of the type of MO structure 
we might expect to obtain is illustrated in Fig. 
3. Lining up each of the spectra in Fig. 5 on a 
common energy scale is accomplished by 
positioning the absorption maxima c directly 
in line with each other. The reasoning behind 
this will become apparent shortly. The zero of 
energy is arbitrarily placed at the L m absorp- 



Fig. 5. Empirical deduction of MO structure of Cr0 4 ~* by combining the chromi¬ 
um L, chromium K and oxygen K X-ray band spectra from Na,CrO,. 




JPCS Vol. 32 4 No, M-B 











D. W. FISCHER 




tion edge which is assumed to be the position 
erf the Fermi energy. 

As was done with Cr 2 O s , it is assumed that 
the dipole selection rules dictate the main 
peak assignments in the Cr0 4 “ 2 spectra. The 
CrL m band should therefore reflect primarily 
the distribution of 3 d states and we will begin 
by assigning emission component A in Fig. 5 
as due to a transition from a filled molecular 
orbital made up of mostly 3 d symmetry. From 
the schematic diagram of Fig. 3, we find that 
the le level satisfies this condition. Similarly, 
the strongest peak in the CrK emission band 
(Kfa*) should arise from a filled orbital 
consisting mostly of p symmetry, which is 
identified here as the lt 2 orbital. In the CrL ni 
and OK absorption spectra the first two 
maxima are assumed to represent the two 
lowest empty MO's which are the 2e and 
4f 2 . According to electron spin resonance 
measurements, the 2e is below 4t 2 [31] and the 
X-ray results support this. The CrK absorp¬ 
tion spectrum shows only one distinct maxi¬ 
mum in this region and is assumed to be 
associated with the 4/ 2 level. The 2e level 
should not contribute significantly to the 
K spectrum because it consists of mostly 
3 d symmetry. This is why the absorption 
peaks c were lined up at the same energy 
position and labeled 4r 2 . Having now placed 
the le, 2e, 2 1 2 , and 4f 2 orbitals on the energy 
scale, the only one remaining which could be 
reasonably expected to contribute to peak F in 
the CrL m band is 3/ 2 . It is further assumed 
that the primary oxygen K emission compo¬ 
nent is due to transitions from the t x non¬ 
bonding 2 p orbitals. The other assignments 
follow logically as explained previously for 
the V0 4 “ 3 structure [6]. The energy positions 
and MO assignments of each of the compo¬ 
nents are summarized in Tables 2, 3,4 and 5. 
As a result of the above interpretation all of 
the Cr0 4 ~ 2 valence molecular orbitals are 
accounted for. 

Best hifs also interpreted his CrK spectrum 
from ( ^it) 4 “ 2 on the basis of an MO model [8]. 
It i#1piiicaUy the same as the interpretation 


offered here except for one point. Best con¬ 
cludes that the Kfi peak arises from transi¬ 
tions from the 3 / 2 orbitals instead of the 2 t t 
orbital as suggested in Fig. 5. If that was 
correct, then component F in the L m band 
could not be accounted for. This is a further 
example of the advantage of using the com¬ 
bined K and L bands instead of depending on 
any one spectrum by itself. 

The MO structure of Cr0 4 ' 2 as shown in 
Fig. 5 has no partially occupied orbital as 
Cr 2 0 3 does (Fig: 3). In tetrahedral com¬ 
pounds, Cr has a + 6 valence state so that 
all the bonding orbitals are exactly filled and 
all the antibonding orbitals completely empty. 
This is reflected in the CrL m emission bands 
of Fig. 1. There is a peak labeled B in the 
Cr 2 0 3 spectrum but not in the spectra of the 
three tetrahedral compounds. The presence of 
peak B in a CrL UI band from a compound 
always signifies that the lowest antibonding 
orbitals is partially occupied. 

Now that we have shown how the MO 
structure of Cr0 4 " 2 can be determined empiri¬ 
cally from X-ray spectra it is of interest to see 
how this structure compares with some experi¬ 
mental data and theoretical calculations made 
by others. The Cr0 4 “ 2 optical absorption 
spectrum has two primary peaks at 3-32 and 
4*54 eV [32]. These peaks have been inter¬ 
preted in at least four different ways. In 1952, 
Wolfsberg and Helmholz[33] calculated an 
MO structure for Cr0 4 “ 2 in which the highest 
filled orbital was t x and the lowest empty 
orbital was 4t 2 . On this basis, they interpreted 
the optical spectrum as indicated in Table 
8, column 2. Later, Ballhausen and Liehr 

[34] disagreed with the Wolfsberg-Helmholz 
scheme, suggesting that the lowest empty 
orbital was 2e instead of 4r 2 . They then re¬ 
interpreted the optical spectrum as being due 
to the transitions listed in column 3 of Table 8. 
That the lowest empty orbital is indeed 2e 
was further supported by Carrington and 
Schonland’s ESR measurements. Another 
MO calculation was made by Viste and Gray 

[35] using certain simplifying assumptions 
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which resulted in their calling the structure 
‘pseudo’ Cr0 4 “*. They then interpreted the 
optical spectrum in yet a third way as indi¬ 
cated in column 4 of Table 8. Oleari etal. [36] 
performed a self-consistant MO calculation' 
for Cr0 4 -2 and interpreted the optical spec¬ 
trum in terms of multiple transitions for each 
peak as indicated in column 5 of Table 8. 
They justified their multiple assignments by 
pointing out that the absorption bands are 
quite broad and that the second band actually 
has a shoulder. Surprisingly, the X-ray results 
do not agree completely with any of these 
previous interpretations. The problem stems 
from the assumed MO structure in the vicinity 
of the Fermi energy. All of the previous 
workers assumed that the highest filled orbital 
was the nonbonding r,. The X-ray spectra in 
Fig. 5 indicate that this is not correct and that 
the highest filled orbital is actually 3f 2 . This 
X-ray deduced structure is compared with the 
calculated Viste-Gray and Oleari et al. struc¬ 
tures in Fig. 6. All three structures are placed 
on the same relative scale by arbitrarily 
placing the zero energy point at the r, non¬ 
bonding level. The Wolfsberg-Helmholz 
calculation is not included in the figure be¬ 
cause it comes nowhere close to agreeing 
with the X-ray results and is, at any rate, 
generally considered to be incorrect. As can 
be seen in Fig. 6, the X-ray results are in 
terrible agreement with the Oleari et al. 
calculations despite the fact that they are 
supposedly self-consistent. They made two 
calculations, for chromium charge numbers 


of 0 and +1. The diagram shown in Fig. 6 is 
for the +1 charge. The 0 charge diagram 
shows even worse agreement. A rather odd 
odd feature of fhe results of Oleari et al. 
is the extremely 'large energy separation 
(~ 9 eV) between the highest filled and lowest 
empty orbitals. Much better agreement is 
found in comparing the X-ray results with the 
Viste-Gray calculations which were con¬ 
sidered very rough to begin with[35]. Perhaps 
the disagreements should not be very surpris¬ 
ing in light of Fensky and Sweeny’s conclusion 
[37] that the final outcome of the calculations 
depends very strongly on the initial assump¬ 
tions made in determining symmetry charac¬ 
ters of hybridized orbitals. 

The X-ray deduced MO structure of Cr0 4 -2 
is further supported by a different interpreta¬ 
tion of the optical absorption spectrum. On 
the basis of the orbital positions determined 
in Fig. 5, the optical peaks at 3-32 and 4-54 eV 
can be assigned to the transitions -* 2e and 
3f 2 -* 4f 2 . respectively. It is emphasized that 
these orbital energy differences agree exactly 
with the optical peak positions which is often 
not the case in the other work referred to. 
According to Ballhausen and Liehr’s interpre¬ 
tation, for example, the 2e and 4 1 2 orbitals 
would be separated by only l-2eV. This is 
certainly too small as indicated by the CrL m 
X-ray absorption spectrum, the OK absorp¬ 
tion spectrum and the optical spectra of 
other, similar compounds[35,38]. This energy 
separation is also known as A, the ligand field 
splitting parameter. The X-ray spectra shown 


Table 8. Electron transition assignments for two principle maxima in optical absorption 


spectrum of Cr0 4 2- 


Peak 

Wolfsberg and 

Ballhausen and 

Viste and 

Oleari 

This work 

position 132] 

HelmhoIz[33] 

Liehr[34] 

Gray [35] 

etal.l 36] 

(X-ray) 

3-32 eV 

f\ 4*2 

'i 2e 

fi -* 2e \ 

[t,-*2el 
f 3 r* -* 4/j 

2e(3-3eV) 

4-54 eV 

3 /j * 4 *2 

U 4/, 

3/ z -* 2e 

3/,-2* 

3/ t — *■ 4* a (4-5 eV) 

Highest occupied orbital 

*1 


h 

l 

3r s 

Lowest vacant orbital 

4*2 

2e 

2e 

3 a, 

2e 

A(eV) 

1-6 

\2 

31 

0-5 

2-3 
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Fig. 6. Comparison of relative MO energy positions of Cr0 4 2 “ deter¬ 
mined in this work and calculated by Viste and Gray[35] and Oleari 
et ai [36]. Zero of energy arbitrarily placed at /, non-bonding level to 
facilitate comparison. 

here indicate a A value of 2-3 eV. The X-ray experimental data (specifically optical absorp- 
results also indicate that each of the two tion) an imperical evaluation of the 4t 2 — 2e 
absorption peaks has a unique transition energy separation. This seems questionable 
assignment and that multiple assignments and most certainly does not hold true for the 
such as suggested by Oleari et al. [36] are experimental X-ray data. As seen in Fig. 5, 
incorrect. Table 8 summarizes the Cr0 4 _? both the CrL m and oxygen K absorption 
situation. spectra directly give the 4r, — 2e energy separa- 

Oleari et a/.[36] have also stated that during tion as reflected in peaks b and c. If the 2e and 
a charge-transfer excitation the antibonding 4 1 2 orbitals are considered to be localized 
MO energy separation (4r 2 — 2 e) changes and primarily on the Cr atom, then the oxygen K 
that therefore impossible to derive froitf absorption could be thought of as arising from 
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a charge-transfer excitation while the CrL m 
absorption represents an intra-atomic transi¬ 
tion. Both spectra are seen to give the same 
energy separation for peaks b and c, and 
hence the same 4t 2 — 2e energy separation. 
These two orbitals are also involved in optical 
absorption transitions and the agreement 
between the optical and X-ray data was 
discussed in the preceeding paragraph. 

It may have been noticed by the reader that 
component A in the oxygen K emission band 
of Fig. 5 has not been assigned to any particul¬ 
ar orbital. This is due to the fact that compo¬ 
nent A does not appear to have anything to do 
with the CrO/ 2 ion. In the chromates, the 
oxygens are involved in bonding to two differ¬ 
ent metal ions. In NajiCrO*, for instance, 
there are Cr-O and Na-O bonds, the latter 
probably being highly ionic. After observing 
the oxygen K band from several different 
chromates it appears that component A is 
associated with the oxygen bond to the other 
metal ion, although it is much more intense 
than would normally be expected. The reason 
for this is not clear at present. 

Viste and Gray[35] have emphasized the 
importance of including the oxygen 2s level 
in any MO calculation of the valence orbitals 
in tetrahedral oxyanions. The X-ray band 
spectra shown here support their point be¬ 
cause peaks C and D in the L m spectrum and 
K(3" in the K spectrum could not be accounted 
for without assuming 02s participation in the 
bonding. This was also the case in the V0 4 3 
spectra[6]. Furthermore, in Fig. 6 it is obvious 
that the X-ray MO structure is in much closer 
agreement with the calculations of Viste and 
Gray who included 2s participation than it is 
with the calculations of Oleari et al. who did 
not. 

There is no indication from the X-ray spectra 
of a significant energy gap between the top of 
the highest filled and the bottom of the lowest 
empty orbitals in Cr0 4 ~ 2 . Since these orbitals 
are highly localized on the molecule a gap is 
not necessary to explain the lack of electrical 
conductivity. If a gap is present, it would 


probably not be detectable by die X-ray 
spectra anyway because of the presence of 
multiple ionization satellite structure at the 
emission edge which would completely mask 
' the true position of the edge. The only way 
this problem could be overcome would be to 
obtain the L U i band at threshold excitation [39} 
which is too difficult to be practial in this case. 

The CrL m band in Fig. 5 was resolved into 
the Gaussian components by the method 
described in Section 3(a). Since there is 
believed to be no significant interaction be¬ 
tween neighboring tetrahedral units, in Cr0 4 “* 
[8], the individual orbitals should not be 
broadened to quite the extent observed in 
Cr 2 0 3 . With the exception of component G 
the Cr0 4 ~ 2 orbitals do indeed appear to be 
somewhat narrower. The width of component 
G is probably greatly exaggerated in Fig. 5 
because an attempt was made to make the 
unfolds match the low energy tail of the L m 
band without introducing another component. 
Extended tailing due to Auger transitions, 
certain types of excitation states, etc.[14] 
could therefore make component G (and to a 
lesser extent, component A) appear much 
broader than it really is. This is also true for 
components G and E in the Cr 2 O s spectrum in 
Fig. 4. 

(d) Cr0 3 

In Cr0 3 , the oxygen atoms form distorted 
tetrahedra around the Cr atoms[40]. As indi¬ 
cated in Table 1, both the Cr-O and Cr-Cr 
interatomic distances are considerably differ¬ 
ent than in Cr0 4 ~ 2 . Even though the Cr0 3 
tetrahedra are distorted, the soft X-ray band 
spectra would be expected to be similar in 
appearance to the Cr0 4 -2 spectra. To a laige 
degree this similarity is actually observed as 
seen in Figs. 1 and 2. The specific spectral 
differences which occur are attributed to the 
symmetry distortion as explained below. 

The CrLm and OK spectra from Cr0 3 are 
displayed on the same energy scale in Fig. 7. 
These spectra are aligned with each other by 
the method described in the previous section 
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Fig. 7. Empirical deduction of partial MO structure of CrO a by 
combining the chromium L and oxygen K X-ray band spectra. 


concerning Fig. 5. No CrK spectrum is shown 
because apparently no one has ever published 
it. The author’s spectrometer does not have 
sufficient resolution at 2 A to obtain a detailed 
K band which would be needed here. Without 
the CrK band, unfortunately, the complete 
MO structure of Cr0 3 cannot be deduced. 
Nevertheless, considerable information is 
still present in the combined CrL in and OK 
spectra of Fig. 7. The unfolding of the spectra 
into individual components follows the method 
described in Section 3(a). In making assign¬ 
ments for the spectral components, the same 
MO term symbols are used for Cr0 3 as for a 
regular tetrahedral structure. This is not 
strictly permissible because the distorted 
symmetry will result in a splitting of the triply 
degenerate orbitals into a singlet and a doublet 
(e + ai). It is very convenient, however, to 
retaMf&e original term symbols for making 
cotf^ffsons of the CrO s spectra with what 
wa&.previously shown for Cr0 4 2 . In many 
cases, the symmetry distortion is reflected in 


the spectra only as a band broadening anyway. 

The CrL m emission band is essentially the 
same as obtained from CrO^T 2 except that the 
components are broadened as seen in Fig. 7. 
Peaks F, A, G, C and D are therefore inter¬ 
preted in the same way (Table 2). In the oxy¬ 
gen K emission band component B is again 
assigned as arising from the f, non-bonding 
orbital. Components C and G correspond to 
the A and G components of the L m band. 1 he 
big difference in Cr0 3 as compared to Cr0 4 ~ 2 
occurs in the absorption spectra. The most 
noticeable change is the appearance of a new 
Lm component, labeled g . It is suggested that 
component g is associated with non-bonding 
chromium e orbitals since the tetrahedral 
distortion is such that some of the e orbitals 
could not form bonds with the oxygen 2 p 
orbitals [40]. This interpretation is reinforced 
by the fact that there is no corresponding 
component observed in the oxygen K spec¬ 
trum. Another noticeable aspect of the absorp¬ 
tion spectra is that peak c has apparently split 
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into two easily separated components, Cj and 
c 2 . This splitting occurs in both the CrL m and 
OK spectra and may indicate the a, and e 
components of the original 4r 2 orbital. The 
energy positions of each spectral component 
are listed in Tables 3 and 4. 

It would be helpful to have some other 
experimental data for Cr0 3 with which to 
compare the X-ray results but none could be 
found. Apparently the optical absorption 
spectrum has not been published and no 
electronic structure calculations have been 
made. The MO interpretation of the X-ray 
band spectra however, does appear to be 
supported by what is known about Cr0 3 . It 
is concluded that the empirically deduced MO 
structure is similar to that obtained for CrO„~ 2 
(Fig. 5) except that the tetrahedral distortion 
has caused some obvious splitting of the 4f 2 
orbital and has also caused the formation of 
non-bonding chromium e orbitals. 




(e) Cr*Or* 

The ammonium, sodium and 
dichromates crystallize in a monoclinic i 
ture in which the oxygen atoms form * 
f ly distorted tetrahedra around the 
atoms[41]. As indicated in Table 1, the < 
bonding distances (and angles) vary consider¬ 
ably. Such extreme distortion may cause a 
splitting of all degenerate orbitals although no 
calculations have been made on this sort of 
structure. As in the case of Cr0 3 , the regular 
tetrahedral term symbols are used for the sake 
of convenience in interpreting the X-ray band 
spectra. 

The CrL n spectrum from K 2 Cr 2 0 7 is shown 
in Fig. 1. The sodium and ammonium salts 
give spectra virtually identical to this. As can 
be seen, this spectrum looks very much like 
that obtained from Cr0 3 and Cr0 4 ~ 2 . The 
oxygen K spectrum is shown in Fig. 2, and is 
matched to the CrLm spectrum in Fig. 8. No 



Fig. 8. Empirical deduction of partial MO structure of Cr,0, 2- by 
combining the chromium L and oxygen K X-ray band spectra from 

K,Cr,0,. 
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CrIC spectrum is available for comparison. 
Due t 0 the extreme symmetry distortion and 
lyi of other experimental data, no clearcut 
arguments can be offered in support of the 
empirical MO structure for Cr 2 0 7 -i shown in 
Fig. 8. Since the spectra have the same 
general appearance as shown earlier for 
CrOr* and Cr0 3 , the only reasonable ap¬ 
proach is to make an analogous interpretation. 
Energy positions of each of the components 
and their assignments are listed in Tables 
2-5. 

4. SUMMARY AND CONCLUSIONS 

It has been shown that a complete valence 
molecular orbital structure can be empirically 
deduced for chromium-oxygen compounds by 
combining the information present in the 
CrL m , CrK and OK X-ray band spectra. MO 
assignments are made on the basis of the 
energy positions and relative intensities of the 
unfolded X-ray components in conjunction 
with other experimental data and theoretical 
calculations. All of the emission and absorp¬ 
tion components are seen to be logically 
explained in terms of bonding, antibonding 
and non-bonding molecular orbitals. 

In Cr 2 0 3 , the L m X-ray spectrum indicates 
that the three outermost electrons have t tg 
symmetry and are involved in two distinct 
bonding mechanisms. One of these electrons 
is localized in a metal-metal covalent bond 
(c-axis pairing) and the other two are associ¬ 
ated with a Cr-O it bond. There is no obvious 
evidence of a collectivized d orbital. After 
corrections for broadening effects, the pre¬ 
dominantly 3 d orbitals of Cr 2 0 3 are found to 
have a half-width on the order of 1 to 1 -5 eV. 
The narrow </-band model of Adler and Brooks 
[16] is therefore not supported. Relative inten¬ 
sities of the CrL m spectral components can be 
used to indicate the approximate amount of 
3 d contribution to each of the bonding and 
antibonding e„ and t 2 g orbitals in Cr 2 0 3 (Table 
7). Th* X-ray absorption spectra indicate that 
A, thi^ligaM field splitting parameter, is 
21 eV in Cr 2 0 3 but that the optical absorp*. 


tion spectrum does not measure A as is often 
assumed. It is probably the separation be¬ 
tween the highest occupied and lowest empty 
orbitals, both of which have t 2o symmetry in 
Cr 2 0 3 , that the optical spectrum is measuring. 

The empirically deduced MO structure of 
CrO* -2 is not in good agreement with previous 
calculations (Fig. 6). At least four different 
interpretations have been previously sug¬ 
gested for the optical absorption spectrum of 
Cr0 4 “ 2 but none of them are consistent with 
the X-ray results. A different interpretation 
therefore, is offered here (Table 8). It is 
concluded that, contrary to previous assump¬ 
tions, the highest filled orbital in Cr0 4 “ 2 is 
3 1 2 instead of The X-ray absorption spectra 
support ESR measurements [31] in indicating 
that the lowest empty orbital is 2e. It is deter¬ 
mined that A is 2*3 eV. 

In going from Cr0 4 " 2 to Cr0 3 to Cr 2 0 7 ~ 2 , 
the tetrahedral symmetry becomes increas¬ 
ingly distorted. This is mirrored in the X-ray 
band spectra as a broadening and splitting of 
certain orbitals and by the formation of non¬ 
bonding chromium e orbitals in Cr0 3 and 
Cr 2 Or 2 . These spectral variations are ex¬ 
pected on the basis of MO theory and provide 
additional support for interpreting the spectra 
in MO terms. 

The presence of peaks C and D in the CrL U j 
band and peak K&" in the CrK band show that 
the oxygen 2s orbitals are involved jn the 
bonding in each of the compounds discussed 
here. 

To obtain a complete valence molecular- 
orbital diagram of transition metal compounds 
it is necessary to use the combined K and L 
x-ray bands of the metal ion and anion as in 
Figs. 4 and 5. No one spectrum by itself is 
sufficient. This is because the valence orbitals 
contain a strong admixture of p, d and s 
symmetries and the dipole selection rules 
prevent certain transitions from occuring in 
each X-ray state. 

Although the molecular orbital structures 
determined in this report are strongly empiri¬ 
cal in nature they nevertheless point out the 
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great value of X-ray valence band spectra in 
studying the electronic structure and chemical 
bonding in solids. Molecular orbital assign¬ 
ments can be made quite confidently for the 
various spectral components from simple 
considerations of peaks positions and relative 
intensities in conjunction with the usual dipole 
selection rules. It is always helpful, of course, 
to have theoretical calculations and other 
types of experimental data at hand for com¬ 
parison purposes. The great advantage of 
X-ray spectra over other experimental tech¬ 
niques is evident in both their simplicity and 
completeness. The combination of emission 
and absorption spectra makes it possible to 
locate both occupied and vacant orbitals with¬ 
in 20 eV or so of the Fermi energy. In addi¬ 
tion, the relative contributions of the various 
atomic orbitals to each molecular orbital plus 
the energy width of each molecular orbital 
can be empirically determined from good, 
reliable X-ray data. Also, the atomic character 
of the inner vacancy considerably simplifies 
the problem of unambiguously assigning an 
electron transition to each spectral compo¬ 
nent. This overall simplicity, completeness 
and flexibility cannot even be approached by 
any other single experimental technique. The 
real beauty of the MO interpretation as 
illustrated in Figs. 4 and 5 is that it ties to¬ 
gether very effectively the various cation 
and anion emission and absorption spectra 
with the chemical interactions which must 
occur between anion and cation in forming a 
compound. Strong relationships are seen 
between the X-ray spectra and various solid 
state phenomena such as coordination sym¬ 
metry, bonding distances, valence state, bond¬ 
ing character and many of the resulting 
physical properties. Certainly more complete 
work needs to be done in certain areas, parti¬ 
cularly in persuading theoreticians to do more 
careful MO structure calculations which can 
be directly compared with the experimental 
data that can now be obtained. Even with the 
present state of affairs, however, it is quite 
apparent that soft X-ray band spectroscopy 


is an extremely powerful tool for probing the 
electronic structure of compounds. 
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Abstract-Reflectivity measurements at normal incidence have been made on several InP samples 
doped with Te such that the plasma frequency is smaller than, close to, and greater than the optical 
lattice frequency. For heavily doped samples the free-carrier effective mass has been determined by 
the dependence of the reflectivity-minimum upon carrier concentration at 77 and 300 K. The measured 
reflectivity deviates from theory near the plasma edge; surface effects may be responsible. 


1. INTRODUCTION 

In the i.r. region the complex dielectric 
constant of a semiconductor is given by the 
following expression [1,2]: 


imaginary parts of the dielectric constant as¬ 
sume the forms 

c, » Re(c)=€ L [ 1-c^W + IY)] (3) 


e(ctj) = €.+ 


€(» 

1 — o) 2 /o>< 2 — iT \(Jt>la) t 2 


€oo(l>p 2 

to 2 + *T 2 tu 


(1) 

where € 0 is the static dielectric constant, €» 
the high-frequency dielectric constant, Tj the 
damping coefficient of the phonons, T z the 
damping coefficient of the free carriers, o> the 
frequency of the incident light, w t the trans¬ 
verse optical frequency, and o>,> the plasma 
frequency. This equation includes the con¬ 
tributions of both the free carriers and the 
optical phonons. The reflectivity at normal 
incidence of an absorbing medium is given 
by 


R = 


v7-i | 2 

Ve + l 


( 2 ) 


e 2 = lm(e) =€ L w / > 2 r 2 /[m(< t > 2 + f 2 2 )]. (4) 

In equations (3) and (4) the plasma frequency 
(Op takes the form 

<»r = [4wNey(€ L m*)Y 12 (5) 

where N is the carrier density, e the ele¬ 
mentary charge and m* the effective mass of 
the free carriers. With the aid of equations 
(2), (3) and (4) the following polynomial of 
fourth order has been derived in order to 
determine the plasma frequency from the 
reflectivity minimum[8]: 

x A -Ax* + BxZ + Cx + D = Q. ( 6 ) 

where 


An interaction takes place between the free 
carriers and the optical phonons which is 
strong when the plasma frequency is close to 
the longitudinal optical frequency cu L [l-4]. 
Substitution of equation (1) into equation (2) 
usually gives a good fit to the observed reflec¬ 
tion spectra[5-7]. If w P >(o L or <o L > to P the 
two first terms of equation (1) can be in¬ 
cluded in a constant, €/,, the dielectric constant 
of the lattice. In this case the real and the 


B = [4€ t (3« t -2) - 5/(3e,-1) («,.-1)]/ 
[12(e t — l) 2 ] 


C = [2e L y*(U L -2)- 
[12(€ L -1) 2 ] 
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Here a»(|R = min.) is the frequency at the mini¬ 
mal reflectance. For different t L the depend¬ 
ence of x upon y can be closely determined by 
the polynomial (6). Moreover, the amount of 
the minimal reflectivity is fixed by the values 
of x and y and the equations (2), (3) and (4). 
Conversely, obtaining the minimal reflectance 
by experiment, we can determine both the 
plasma frequency a > P and the damping T 2 of the 
free carriers with these equations [8], From 
up in turn, N or m* can be calculated. 

1. EXPERIMENTAL 

The measurements were performed with a grating 
spectrometer (Beckman IR12) in the region between 2-5 
and 50/x. An auxiliary reflection apparatus has been 
built with an average angle of incidence of 13 deg so that 
formula (2) can still be used. A cryostat has been con¬ 
structed to make reflectivity measurements at room 
temperature, liquid nitrogen and hydrogen temperatures, 
respectively. Measurements were performed in the single¬ 
beam system. In order to obtain the reflectivities the 
experiment had to be made both with sample and refer- 
erence mirror. The reflectivity of aluminium mirror used 
was calculated by the Hagen-Rubens-Relation, where the 
static conductivity cr of the evaporated layer was assumed 
to be 0-3178. 10 17 [s~‘H9]. Sample and mirror were 
mounted on a cold finger which could be revolved in order 
to introduce either one into the beam, Low temperature 
measurements were only possible for stationary chopper 
between sample and monochromator. The experimental 
arrangement was equipped with a digital data system for 
rapid evaluation. We are able to investigate very small 
samples, down to 2 mm 2 . The optical resolution was 
better than 5 cm -1 . 


The samples were /i-type InP crystals grown 
in an In-solution[10]; they are doped withTe. 
The surfaces of the samples were polished and 
etched with bromine-methanol. 

3. RESULTS AND DISCUSSION 
Experimental reflection spectra at room 
temperature are shown in Fig. 1. The minima 
of the reflectivity curves were used to deter¬ 
mine the effective masses by the procedure 
outlined before and described in detail else¬ 
where [8]. The resulting dependence of N 
on m* is given in Fig. 2. The experimental 
values are represented by circles. The effec¬ 
tive mass increases rapidly for heavily doped 
samples. This increase is explained by devia¬ 
tion from the parabolicity of the conduction 
band. The two curves in Fig. 2 are calcu¬ 
lated according to the theory of Cardona 
[11,12]. For T = 0K. Cardona derived the 
following expressions for m* and N [12]: 

l/m* = 8 2 /((£ r + A)/L 2 ) (7) 

N = £ f 3/2 (E F + 2A) 3 ' 2 /(37r 2 6 3 ) (8) 

8 is a constant, E f the Fermi-energy and 2A 
the energy of the band gap. The constant 8 is 
evaluated for four pairs of values m* and N 
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25 75 125 175 225 275 [meV] 



Fig. 1. I.r.-reflection spectra at room temperature. The carrier densi¬ 
ties of the samples 1-V are: (1): 5-8 . 10 18 ; (II): 9-5 . 10 18 ; (III): M . 10 19 ; 
(IV): 1 -8 . 10 18 ; (V7P6-5 . I0 18 cm' 3 . 
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Fig. 2. Dependence of the effective mass m* on the free-carrier con¬ 
centration N. Circles represent experimental results at room tempera¬ 
ture, solid lines give theory for temperatures indicated. 


from equations (7) and (8) (Table 1)[13]. The 
lower curve of Fig. 2 is obtained by the same 
equations with the arithmetical average of the 
four values of 5; the upper curve is valid for 
300 K and is evaluated from equation (5) of 
Ref, [11] and includes the appropriate aver¬ 
aging over the Fermi function. 

The ratio <o P l(o L is 1*7 for curve I in Fig. 1. 
In this case an interaction of plasmons and 
phonons takes place, and the effective mass 
can Ipe obtained only by a fit according to 
equation (1). This fit for curve 1 is shown in 
Fig. 3. The fit parameters were: oj, = 37*6 
meV, (o } > = 75*9meV, e* = 13*7, e 0 = 17*7, 

Table 1. Effective 
masses m* at different 
free-carrier densities 
N and the constants 
5 evaluated from equa¬ 
tions (7) and (8) [13] 


N [cm* 3 ] 

m* 

6. 10 40 

6*1 

10 lft 

0*077 

178*2 

1*0 

10’“ 

0*073 

188*1 

8*2 

10 1 * 

0*066 

210*5 

1-4. 

. 10 17 

0*10 

138*8 


Wmv§ Number 


200 400 600 800 l cm‘7 



Fig. 3. Fit of a Plasmon-Phonon-Coupling; ui P lw L 1-7 
(The solid line is identical with curve I in Fig. 1). 


T, = O-OOSfc), and T 2 = 0-lto P . Shown in Fig. 3 
are the eigenfrequencies a>+ and &>_ tfthe 
coupled oscillations according to Yokotaff). 

If <o L * cop. the coupling between plasmons 
and phonons is very strong. The experimental 
spectrum of such a strong coupling is repre¬ 
sented in Fig. 4 for 300 K (solid line) and 77 K 
(dashed line); N was here 1-8. JO 18 cm -3 . At 
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Energy 

Fig. 4. Plasmon-Phonon-Coupling at 300 and 77 K; 
o)p(a) fi *» i, 

low temperatures the reflectivity minimum 
is shifted towards higher energies. The same 
phenomenon is shown in Fig. 5 for a plasma 
reflection spectrum of a sample with a ratio 
a)pl(t) L = 3-15. The effect can be explained by a 
decrease of m* with decreasing temperature. 


The magnitude of this effect depends on how 
far the tails of the Fermi-function penetrate 
into the nonparabolic parts of the conduction 
band [12]. The Reststrahlen band at a ratio 
cop!(D L = 0-6 is presented in Fig. 6. At this 
ratio the influence of the free carriers on the 
Reststrahlen band is still so strong that the 
peak is broadened at decreasing temperature 
by the same effect. The damping coefficient 
T 2 , and from it in turn the mobility fi = 
e/(m*r 2 ), can be determined by the minimal 
reflectance, e.g. 1070cm 2 /(Vs) is obtained as 
the mobility for curve IV of Fig. 1. The values 
of fi evaluated by reflectance and Hall mea¬ 
surements differ less than 5 per cent. 

Excellent fit on the high energy side and in 
the minimum is achieved with equations (2-5). 
However, near the plasma edge there are 
systematic deviations of the measured spectra 
from theoretical predictions. Figures 3 and 7 
show examples of such fits for curves I and 
IV, respectively, of Fig. 1. Attempts to ex¬ 
plain the experimental spectrum with an 
energy-dependent damping were unsatis¬ 
factory, since they led to complicated func¬ 
tions r(a>). 

We suggest that surface-plasmon effects 
are responsible for the reduced reflectivity 




Fig, 5. Reflection Spectra at 300 and 77 K; wp/cd,, * 315 (Solid 
line is identical wttfr curve IV in Fig. 1). 





INFRARED REFLECTIVITY OF InP 


W*w Number 
200 300 i cm r>] 



30 40 Cm«V 7 


Energy 

Fig. 6. Reflection Spectra of Reststrahlen Band at 300 
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Fig. 7. Fit of a Plasma-Reflection Spectrum at 300 K; 
w P /<i> L = 3*15 (The solid line is identical with curve IV 
in Fig. 1). 


below the plasma edge, 
polished surfaces are not absolutely 
Surface plasmons have been discuss 
connection with the reflectivity of rough 
metal surfaces [14-19], Semiconductors have - { 
recently been considered [20]. The maximal ■; 
surface plasmon energy a, in semiconductors y, 
is only a few per cent smaller than the bulk 
plasmon energy [21], because of their large IS, 
lattice dielectric constants. The maximal * 
deviation between experimental and theorcti- ,15 
cal reflectivity can be explained with the 
formulas for metals [15-16], adjusted for the 
dielectric constant of InP. However, the over¬ 
all fit is still unsatisfactory. It seems likely 
that the assumption of highly damped surface 
plasmons might lead to better agreement; 
work is in progress in this laboratory [22]. 

4. CONCLUSIONS 

InP has similar properties as GaAs. The 
effective mass m* is only slightly larger than 
that of GaAs. At high carrier densities m* 
increases rapidly with increasing carrier con¬ 
centration and decreases with decreasing 
temperature. The effective mass of the free 
carriers and their damping can be obtained 
relatively exactly by reflectivity measure¬ 
ments. Reduced reflectivities below the 
plasma frequency apparently result from sur¬ 
face plasmon effects. 
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Abstract -Low temperature measurements of electrical resistivity, magnetic susceptibility and 
magnetoresistivity for the amorphous Fe^PdgjSiishoo-* alloys where x is changed between 0-1 and 0*9 
are reported. The amorphous alloys were prepared by rapid quenching from the liquid state. The 
polarization of the 4-electrons of Pd atoms around a Fe atom is found to persist down to the lowest 
Fe concentration. No giant moment was observed in the present alloys. The effect of the spin polariza¬ 
tion on the Kondo type s-d scattering is absent or very small. Interactions between the d/-electrons of 
the Fe atoms, resulting in the superparamagnetic behavior of the alloys seem to take place below a 
characteristic temperature T ri and only at higher fields. This is found to be consistent with the magneto¬ 
resistivity data. The results of both electrical and magnetic measurements are in quantitative agreement. 


1. INTRODUCTION 

A transition metal like Fe, Co or Ni, when 
dissolved in Pd or Pt, tends to polarize the 
surrounding Pd or Pt atoms via conduction 
electrons. Spin polarization of this sort has 
been observed in magnetic susceptibility, 
electrical resistivity, specific heat, Mossbauer 
effect, neutron scattering, NMR and EPR 
measurements [1]. The spin polarization seems 
to originate from the nearly ferromagnetic, 
itinerant character of the Pd or Pt d-band. 
Iron [2] or cobalt [3] in Pd have received much 
attention, since they form a well-defined ferro¬ 
magnetic state for very low concentrations 
(~0-lat. %). In addition the range of the 
spin polarization around the magnetic atom 
has been shown to vary from 1 0 to 1 A when 
the Fe or Co concentration increases from 
-0-5 to 4 at. %[4]. The polarization range 
probably extends even further than 10 A when 
the magnetic atom concentration is decreased 
below 0*5at.%, since the value of the local 
magnetic moment reaches as high as 12 p B 
at 0-28 at. % Fe[2], 

The situation is somewhat different in the 
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amorphous Pd-Si alloys containing iron [5]. 
The major differences are that the amorphous 
Pd-Si host alloy is weakly paramagnetic while 
crystalline Pd is strongly paramagnetic and 
the d-d exchange interactions are weaker in 
the amorphous alloys than in the crystalline 
alloys. In the vicinity of a Fe atom, however, 
the neighboring Pd atoms are polarized by the 
magnetic atoms as in the case of the Fe-Pd 
crystalline alloys. The amorphous Fe-Pd-Si 
alloys containing from 0*5 to 7 at. % Fe tend 
to become superparamagnetic at low tempera¬ 
tures and become ferromagnetic when the 
Fe concentration is large (e.g. Fe 7 Pd aj Si 2 0 ). 
For these alloys a Kondo type resistivity 
minimum has been found[6]. The crystalline 
Fe-Pd alloys do not exhibit any Kondo effect 
due to the appearance of a well-defined ferro¬ 
magnetism. In these alloys it is therefore not 
possible to study the effect (if any) of the spin 
polarization on the Kondo type s-d scattering. 
The results previously published on the 
FePdSi amorphous alloys[5,6] have now 
been extended to Fe concentrations varying 
from 0*1 to 0*9 at. %. The main points of 
interest include the effect of decreasing Fe 
concentration on the local magnetic moments 
and on the persistence of the superpara- 
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magnetism, and the influence of the spin 
polarization on the Kondo effect. The amor¬ 
phous alloys were prepared by rapid quenching 
from the liquid state and the experimental 
methods were similar to those described in 
kef. [7]. 

2. RESULTS 

2.1 Electrical resistivity 

Measurements of the electrical resistivity 

were made on the amorphous samples with 
Fe concentrations of 0-1, 0 2, 0*3, 0*5, 0*7 
and 0*9at .% in the temperature range 1*4- 
300°K. The results of the measurements are 
shown in Fig. 1 for 1*4 ^ 7 ^ 100°K. It was 
found that the total resistivity for tempera¬ 
tures below 50°K can be fitted to a form 

p(T) = a + *r* + ylnT (1) 

in which a, 5 and y are as described in Ref. 
[6]. The temperature dependent part of the 
spin resistivity, p gf >i n (T)< corresponding to 
the third term in equation (1), can be obtained 
by subtracting from the total resistivity the 
resistivity of the host Pd^Sijy alloy which has 
a temperature dependence similar to that of 
Fig. 1 in Ref. [7]. The results for p 8P i n (7) per 
at. % Fe are plotted as a function of tempera¬ 
ture in Fig. 2. Equation (1) gives a resistivity 
temperature at 

T m — (—y/28) 112 . (2) 

Substituting the values of y obtained from 
Fig. 2 and 8 s 2 8 X 10' 4 pCl -cm into equation 
(2), the values of T,„ can be calculated and 
are listed in Table 1 together with the values 
of y and those for T m shown in Fig. 1. 

2.2 Magnetic susceptibility 

A pendulum-t$pe magnetometer[8] was 
used to measure tfee magnetic moments of 
the amorphous alloys with a magnetic field 
up to 8-4 kOe and in a temperature range 
1-7-30QPK& The contribution of the Fe atoms 
to the total magnetic moments was obtained- 



Fig. 1. Electrical resistivity vs. temperature for the 
amorphous alloys. 

by subtracting the moments of the host 
Pd H2 Si ]8 amorphous alloy from those observed 
for the Fe^PdszSi^HH)-.!. alloys. The cor¬ 
rected magnetic moments were found to be 
linearly proportional to the applied magnetic 
field above the characteristic temperature 
7 d [5]. Below 7 d , the magnetization M vs. 
magnetic field H curves resemble those of a 
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Fig. 2. Temperature dependent part of the spin resistivity 
per at. % Fe vs. temperature. 


Table 1. Values of y, (T m ) caL cal¬ 
culated by using equation (2) and 
( T„Xb8. observed in Fig. 1., for the 
amorphous Fe J .(Pd H2 Si 18 ) 10 o-. r alloys 


Jt 

(at. %) 

7 /at. % Fe 
(/uil-cm) 

(TJci 

(°K) 

(T m W 
(°K) 

01 

~0*40± 0-02 

8*5 

10 

0-2 

-0-41 ±001 

12 

15 

0-3 

-0*40±0*01 

15 

17-5 

0-5 

-0-41 ±0-01 

19 

22*5 

0-7 

—0*30± 0*01 

19 

21 

0*9 

— 0 * 20 ± 0*01 

18 

23 


typical superparamagnetic alloy [9]. The initial 
susceptibility = (dAf/d/f )w-o* however, 

obeys the Curie-Weiss law which holds above 
7V The inverse of the high field susceptibility 
contributed from the Fe atoms alone is plotted 
against temperature between 1*4 and 40°K in 
Fig. 3. The data points shown by crosses 
indicate the inverse of the initial susceptibility. 
These results can be expressed by x “ C/ 
where C is the Curie constant and 


6 the paramagnetic Curie temperature. The 
local moments, p = gS, are calculated from 
the values of C and are listed in Table 2 
together with the values of d p and T d [10]. 

2.3 Magnetoresistivity 
Since the magnetoresistivity at 295 and 
77°K is not large enough to be measured 
accurately, the data at 4-2°K are presented 
here. The observed magnetoresistivity, 
p H ( Fe-Pd-Si), is corrected by subtracting 
that of the host Pd-Si alloy, p H { Pd-Si), from 
p H ( Fe-Pd-Si) as previously [6]. The results 
are shown in Fig. 4 in the form of AphIph-q 


Table 2. Results of the magnetic measure¬ 
ment (the value of g is taken as 2-0) 


jc (at. %) 

fi * ^5(>x/,/Fe atom) 

M°K) 

T t C K) 

0*1 

3*9 

-0 

-4 

0*2 

4*2 

-2 


0*3 

4*5 

— 6 

~6 

0*5 

4*6 


-6 

0-7 

4*8 

~ 1-5 

-8 
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Fig. 3. Inverse of ihe high field susceptibility per gram of the amorphous 
Fe^PdtuSijJioo-j. alloy vs. temperature. The susceptibility is corrected by 
subtracting that of the host Pd-Si alloy from the total one. The crosses 
correspond to the low field susceptibilities. 



Fig. 4. Magnetoresistivity v***snagnetic field for x - 0-1, 0-2, 
0*5, and 0-7 at T = 4-2°K. 
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vs. H » where A/># — Pm “• p*f-o Rod p# — p ff 
(Fe-Pd-Si) —p/KPd-Si). A best fit of the 
results for H > 4 kOe was made to a relation 

Aph/P//-o = ~qH n (//inkOe) (3) 

where the values of q and n are listed in 
Table 3 [11]. A meaningful fit of the data for 
H < 4 kOe to equation (3) is difficult to obtain 
for the alloys containing less than 0*5 at. % 
Fe due to the uncertainty in the measure¬ 
ments. For the alloy containing 0-7 at. %, 
however, A p H is large enough to find that 
q ss 9.4 x 10 -6 and n = 2*0 for H < 4 kOe. 


Table'S. Values of q and n 
in equation (3) 


x (at. %) 

<7(10-*) 

n 

0-1 

80 

20 

0*2 

6*8 

1-5 

0*3 

8*4 

1*5 

0*5 

10*4 

1*5 

0*7 

20*4 

1*5 


3. DISCUSSION 

The invariance of the value of y/at. % Fe 
for 01 ^ x «£ 0-5 (Table 1) may indicate that 
the direct interactions between Fe atoms are 
negligible. For this concentration range of Fe, 
both (T w ) obs . and (T m ) cal vary approximately 
as 30 jc 1/2 . Above the Fe concentration of 
0-5 at. %, the value of y/at. % Fe decreases 
with increasing x. This may be understood 
as a result of the reduction of the number of 
free paramagnetic ions, as pointed out pre¬ 
viously [ 6 ], since equation ( 1 ) describes the 
resistivity data fairly well without adding any 
term such as proposed by Silverstein[12]. 

The nature of the s-d scattering in the 
present alloys becomes clearer when the mag¬ 
netic properties are compared with the 
resistivity results. As seen in Table 2, the local 
moment per Fe atom is larger than the value 
Pre = 3pa assuming S = 3/2[5]. This shows 
persistence of the spin polarization down to a 
concentration of 0* 1 at. % Fe. No giant 


moment as obtained in dilute Fe-Pd crystal¬ 
line alloys [ 2 ] was observed in the present 
alloys. This is probably linked with the feet 
that the host Pd-Si amorphous alloy is weakly 
paramagnetic. Taking and 

assuming that one Fe atom has 11-6 nearest 
neighbors of either Pd or Si atom[5], we 
obtain 

p Pd ~ 0‘23 jc O 4 Pb (0 < x < 0*7). 

The non-linear dependence of p M on x may 
suggest that the range of spin polarization 
changes with the Fe concentration as in the 
case of crystalline Fe-Pd alloys[4]. An 
interesting statement can be made with respect 
to the effect of the spin polarization on the 
Kondo type s-d scattering. This effect seems 
to be quite small or absent, since y/at. % Fe 
(Table 1) is constant in the Fe concentration 
range 0-1-0-5 at. % in which both the magni¬ 
tude and the range of the polarization seem to 
vary significantly. Even though the high field 
susceptibility deviates from the Curie-Weiss 
relation below T d (Table 2), low field suscep¬ 
tibility obeys the same relation below T d (see 
Fig. 3). This may indicate that interactions 
between the Fe atoms take place below T d and 
above a certain field (which depends on the 
temperature and on the concentration of Fe). 
This interpretation is consistent with the fact 
that there is no change in the value of y at T d > 
Further evidence for this explanation is given 
by the results of the magnetoresistivity (see 
Table 3). For x = 01, the negative magneto- 
resistivity measured at 4*2°K is proportional 
to the square of the field. Other alloys with 
larger concentrations of Fe exhibit the nega¬ 
tive magnetoresistivity which is approxi¬ 
mately proportional to H m for H 4 kOe 
and is proportional to H 2 for H < 4 kOe 
(e.g. Fe 0 . 7 (Pd-Si) 99 . 3 ). The H 2 dependence o| 
the negative magnetoresistivity is due to tM|f 
paramagnetic nature of the magnetic atoms 
[13,14] while the H 3/2 dependence could be 
attributed to the presence of superpara¬ 
magnetism [ 6 , 15]. It is noticed that the value 
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of x 10~ 6 ) for x =* (M is close to that for 
jc xs 0*7 (q * 9 x 10" e ) in a field H < 4 kOe. 
This is qualitatively consistent with the values 
of y for the corresponding alloys in the sense 
that the number of free paramagnetic ions 
decreases with increasing Fe concentration. 
Since the results of the magnetic measure¬ 
ments indicate that the amorphous alloy with 
0*1 at. %Fe is paramagnetic at 4*2°K and at 
higher fields, the results of both electrical and 
magnetic measurements are consistent. If we 
take E f = 3*5 eV and = —0*62eV as 
obtained previously [6], equation (34) of Ref. 
[14] gives A p H =* — 0T0 /zfi-cm at H = 8-4 kOe 
for x = 01 by using M(H — 8*4) =* 1*53 p, H l 
Fe atom and fi ett = 4*8 /x B /Fe atom. From the 
magnetoresistivity data for jc = 0* 1 (Table 3), 
we obtain Ap w =* — (8 x 10' 6 f/ 2 )p // = 0 = 
—0*06pil-cm at H — 8*4 kOe. The discre¬ 
pancy (of about 40%) between the two values 
of A p H is probably due to the uncertainty in 
the value of M, since the amount of Fe impuri¬ 
ties in Pd used in the present study ranges 
from 50 to 300 ppm corresponding to an 
uncertainty of 5 to 30% in the Fe concentra¬ 
tion for the Fe 0 . 1 (Pd~Si) m) . fl alloy. As it is 
noticed in equation (34) of Ref. [14], an error 
of 20% in the value of M results in an error 
of about 40% in the value of A p n . 

The present results can be summarized as 
follows. The spin polarization via the conduc¬ 
tion electrons around the Fe atoms persists 
to a Fe concentration as low as 0*1 at. %, No 
giant moment, however, was observed in the 
present alloys. The amount of the polarization 
increases monotomically with the Fe con¬ 
centration up to 0*5 at. % and levels off above 
this concentration. This may indicate that 
the range of the polarization changes with the 
Fe concentration similarly to the case of 
crystalline Fe-Pd alloys. For the Fe concen¬ 
tration range 0-1-0*5 at. %, the coefficient of 
the Kondo logarithmic term of the resistivity 
is proportional to the Fe concentration. This 
demon§j$pites that the spin polarization plays 
little of bo part in the Kondo type s-d scat¬ 


tering. Below the characteristic temperature 
the alloys tend to be superparamagnetic 
at high fields. This result is found to be con¬ 
sistent with the magnetoresistivity data. A 
satisfactory consistency has been found 
among the results of the electrical and mag¬ 
netic measurements, if the uncertainty of the 
Fe impurities in Pd is taken into consideration. 
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Abstract -The relative energy and intensity of the potassium Aj 0 5 line in KF, KC1 and KBr have been 
measured in fluorescence. The energy and intensity calculations indicate this line to be a cross transi¬ 
tion between the /C + 1 j state and the anion valence state with mixing of K + 3p wave function. The 
appearence of this line is thus connected with the covalency of the crystal. 


1. INTRODUCTION 

The hypothesis of the existence of cross 
transitions between the energy levels of two 
unlike neighbouring atoms has been discussed 
frequently. For instance, Mendel[l], Mendel 
and Koster[2] have interpreted the Kfi' 
satellites in some compounds of the elements 
Na, Mg, Al and Si using this hypothesis in 
an atomic model. A similar mechanism was 
recently discussed also by Linkoaho et al. 
[3]. On the other hand, more detailed con¬ 
siderations by A berg et al.[4] for the KjS x 
line in sodium halides and by Urch[5], 
Lawrence and Urch[6] for Kf 3' satellites 
show that the atomic model is unsatisfactory. 
A molecular model is needed to explain the 
energies and intensities of these lines, for 
instance, the A'ySj line in sodium halides seems 
to be caused by the covalency in the crystal 
only [4]. 

As early as in 1938 Valasek[7] proposed 
that the X/3 5 line of potassium in KC1 is due 
to the cross transition of electrons from the 
chlorine 3 p band filling Is vacancies in the 
potassium ion. More recently Deslattes[8] 
has measured the K + Ki 3 5 line in KC1 and he 
has provided supporting evidence for the 
cross-transition hypothesis by comparing 
his results with band structure calculations. 
As far as we know there are no measurements 


of the integrated intensity for the line 
in other potassium halides. For this reason we 
have measured the K + Kf$ spectrum of KF, 
KC1 and KBr by secondary excitation. We 
have also compared our energy and intensity 
data with calculations based on the assump¬ 
tion that the K+K(3& line is a cross transition, 

2. THE MEASUREMENTS 
The spectra were measured by a vacuum 
plane-crystal spectrometer and the third- 
order reflection from an ammonium dihydro¬ 
gen phosphate (ADP) crystal. The specimens 
were excited by the radiation from a chromium 
anode X-ray tube operating at 50 kV and 36 
mA. The detector was an argon-methane 
flow-proportional counter with a 2fim 
Makrofol window. For optimum resolution 
two Soller slits were employed. The entrance 
slit limited the horizontal divergence to 0*40° 
and the receiving slit limited it further to 
015°. The recording system and the X-ray 
generator were commercial Siemens equip¬ 
ments and have been described earlier [9], 
The specimens were pressed from fine pow¬ 
ders (Merck, pro analysi). Crystalline waterl 
was removed from the KF samples by 
heating. Each spectrum was recorded at least 
three times and some results are shown in 
Fig. 1. The time of measurement per step of 
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0*02° (in 20) was 4 or 10 min. The positions of 
the peaks were determined with a step of 
0-005°. The energies of the K/9 # line were 
determined relative to those of the 
line. The experimental energy differences 
EKfis-EKfi u and the relative integrated 
intensities IKfiJIKfi l>3 are shown in Table 2. 
On the high-energy side of the Kf3 liS line the 
KM satellite contribution[8] was separated 
under the assumption that the Kpi# line is 
symmetric. In the calculation of the energy 
differences the peak values were used, and a 
value of 10-648 A for the spacing 2d of the 
ADP crystal was assumed. 

The trend in the measured energy differ¬ 
ences is in agreement with the photographic 
recordings of Kiyono[ 10] for KC1 and KBr. 


3. THE ENERGY OF THE X0, LINE 
Howland [11] has shown that the Hartree- 
Fock (HF) one-electron energies E&k) in an 
ionic crystal can be written as 

E t (k) = £«<± £*+/,(£) (1) 

Here E 0i is the HF energy of the f th electron 
in the free ion and E M is the Madelung energy. 
The plus sign corresponds to the anion and 
the minus sign to the cation. The f{k) term 
represents the ^-dependent spread of the band. 
Instead of /<(£) we can use which is the 
distance from E M ±E U to the energy corres¬ 
ponding to the maximum value of the product 
P(E)N(E), P(E ) being the transition proba¬ 
bility to the A + Is state and N(E) the density 


Table 1. The estimated (equation (1)) limiting values 
of the band spread f, and the values of the polarization 
energy E vi in equations (2) and (3) for K* and Cl - 
in KCl 




3 p band 

Estimated 



£<h — Em 

Lower 

Upper 

range of 

fi 

Epi 


eV 

limit 

eV 

limit 

eV 

eV 

eV 

k + 3p 

23-8 

23-5 


-0-3 -01 

2*0 

C!-3p 

12-1 

10-7 


—1-4* -0-1 

1*4 


*Note an error in Ref. [4]. 


Table 2. The measured and calculated energies and intensities of the 
K + K(3s line relative to those of the main Kfixa line 



A E = E0 5 - 
Expt 

£/3,j(eV) 

Calc 

Expt- 

Calc 

ESCA 

Kiyono 

I A 

Expt 

(%> 

Calc 

KF 

10-2±0*I 

9*5 

0*7 

t 


2*2±0*3 

1*5 

KCl 

12*1 * ±0*1 

12*2 

-0*1 

12-1 

12*7 

1*5* ±0-2 

0*9 

KBr 

12*7 ±0*1 

13*2 

-0*5 

12*9 

13 5 

1*4 ±0*2 

— 

KI 

- 

14 5 

- 

13*8 

14-2 

- 

- 


*The values of Deslattes[8] are 12*0±01 eV and 1*5 percent. 

tStephan etal.[ 15] have obtained values 9 75 and 10’ 15 eV from the reflectance spectra. 
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of states j Taking into account the polariza¬ 
tion and the correlation in the ion and the 
energy of interaction E pl of the hole due to the 
electronic polarizability of the neighbouring 
ions, we obtain instead of equation (1) 

Ei — B*± £*/+/<“■ Epu (2) 

where B, is the real ionization energy of the 
free ion. B*, E M and E pi are here considered 
positive. Supposing that 

/a P (* + ) “/«„(*-) + E Ptnp (X~) - £ p ,3p(a: + ) = o 

(3) 

we get for the energy difference £/3 5 — Efi ltS 
in the K + Kp spectra of potassium halides 

Efa - Ej8, * = B 3p (K + ) - B np (X~) - 2 E m . (4) 

We can estimate the accuracy of the 
assumed relation (3) in KCI, where the 
calculations by Howland [10] for the Cl~3p 
and K + 3p bands are available. The results 
are shown in Table 1. For the polarization 
energies E pi we have used the values of du 
Pre et al. [12]. For the limiting values of the 
left hand side of equation (3) we get —10 
and +0-9eV and thus the accuracy of equa¬ 
tions (3) and (4) is about ± 1 eV in this case. 

In Table 2 we show the values obtained for 
the energy differences £)3 5 — Efi U3 from equa¬ 
tion (4) where we have used B 3p (K + ) = 31 *8 
eV[13] and the electron affinities B np {X~) 
measured by Berry and Reimann[14]. We 
see that the agreement between the measured 
and the calculated values is good. 

According to the photoelectron measure¬ 
ments by ESCA (Electron Spectroscopy for 
Chemical Analysis) group! 15] the energy 
separation between the K + 3p and the anion 
valence state np in KCI and KBr crystals 
shown in Table 2 is in agreement with our 
measured valqe. In KF the energy gap 
between the K + 3p and F~2p states obtained 


port our cross-transition hypothesis. A 
comparison between the measured and calcu¬ 
lated values in Table 2 indicates that the 
influence of neglecting the differences in the 
polarization energy and in the band spread in 
equation (4) is small (< 1 eV). There is, 
however, a systematic trend in the values of 
A£ exP t“AE calc of Table 2, which is similar 
to that in Ref. [4], 

4. THE INTENSITY OF THE LINE 
A value of approximately 10” 3 per cent is 
obtained when the relative integrated intensity 
of the Kfi i line in the sodium halides is 
calculated without mixing of the Na + 2p 
wave function with the anion valence-shell 
wave functions[4]. Urch[5] makes a similar 
estimate of the relative intensity of the K&' 
line to that of the main Kpi# line in silicium 
oxides obtaining 10“ 2 per cent. The experi¬ 
mental values are about 2 per cent in the 
former and 15-25 per cent in the latter case. 
Thus we cannot explain the intensities of 
these cross-transition lines using a purely 
ionic model. We have, therefore, chosen a 
molecular orbital model in calculating the 
relative intensity of the potassium Kt 3 5 
line. 

Following Aberg et ai[ 4] we have calcu¬ 
lated the values of the integrals 

J Ru{r)p p {r, <x,a)r 3 dr| 

+ 2| J R„(r)/3 p (r; 7r,a)r 3 dr| j (5) 

where N is the square of the radial integral 

00 

R^ ^ ^r)R3p('^)r 3 dr. 

0 

We have used the radial Is and 3 p single¬ 
electron wave functions of [17] and the 
radial p-symmetric SCF-LCAO-MO potas- 


from the reflectance spectra[16] is also quite sium orbitals 0 p (r; <r,a) and /3„(r; rr,a) from 
near our mmsured value. These results sup-~ J “Matcha[l8J. We obtain only an estimate 
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for the relative intensity, because the wave 
functions of Matcha are calculated for 
molecules, not for crystals. The results are 
shown in Table 2 and they indicate that the 
molecular model is satisfactory. It is interesf- 
ing to note that the model gives the change 
in the intensity between KF and KC1 cor¬ 
rectly. 

If we examine the measured emission 
spectra (Fig. 1), we see an additional contribu¬ 
tion between the KM satellite and the K(3$ 
line. This is also detectable in the spectra 
measured by Parratt and Jossem[19] and 
Deslattes[8], Possible sources for this 
contribution are, according to Deslattes’ 
energy calculations[8], the KM t — M l M 2 a 
( 3 S — 3 P) transition at 6-5 eV and KM 2 — M 3 
type transitions around ll-3eV. The KM 2 
triple-hole excitation states may be caused by 
simultaneous M-shell excitation and /(-shell 
ionization or by KL — KM 2 Auger transitions 
and they may, for example, decay to M 3 
or LM 2 states. It is, consequently, very 
difficult to calculate the relative intensities 
of the various components of the KM 2 struc¬ 
ture. As in the papers of Aberg[20,21], the 
relative production probability of the KM 2 
states can be estimated to 1 -4 per cent with¬ 
out the effect of the KL — KM 2 Auger 
transitions included. We can also calculate 
the.term splitting of the KM 2 — M 3 structure 
from the atomic energy levels derived from 
the analysis of optical spectra[13]. If we use 
the Z+l approximation for the KM 2 state, 
we need only the energies of various terms of 
the Ca 3s 2 3p 4 and K Is^p 3 structures 
relative to the energies of the ground state of 
Ca 3s 2 3p e and K 3s 2 3p 5 . This way we have 
obtained ten terms with energies 7-16eV 
relative to the main K\8 U peak. About one 
half of the total intensity accumulates at 
11-12 eV. 

We have seen that a part of the measured 
Ki8 S intensity in Table 2 may be due to the 
triple-hole excitations. The energies and 
intensities of the triple-hole KL 2 — L 3 satel¬ 
lites in sodium are independent of the chemi¬ 


cal bond[4]. The position and intensity of 
the Kfi 8 line, however, clearly differ in KF 
and KC1. This line seems to be symmetric and 
its measured liqe width at half maximum is 
about the same in KF, KC1 and KBr. Thus 
there is no evidence of an additional line on 
the high-energy side of the K/3 S line in KF 
and on the low-energy side of this line in 
KBr. For metallic potassium the unpublished 
measurements of Jossem (cf. Ref. [8]) show 
less than 10 per cent of the intensity in KC1 
at the wavelength corresponding to Ki 3 # . 
Therefore we conclude that the intensity of 
the Kf 3 8 line in KF, KC1 and KBr is mainly 
determined by the cross transition due to the 
mixing of the K + 3p wave function with the 
anion valence shell wave function. 


Note added in proof: a thorough discussion of 
line in the emission spectrum of K.C1 has been recently 
given by BEST P. E . % Phys. Rev, B 3 , 4377 (1973). 
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INTERACTION BY A MORSE POTENTIAL FUNCTION 

D. R. OLANDER 

Inorganic Materials Research Division of the Lawrence Radiation Laboratory and the Department of 
Nuclear Engineering, University of California, Berkeley, Calif. 94720, U.S. A. 

(Received 3 November 1970; in revised form 11 March 1971) 

Abstract- The interaction between hydrogen atoms adsorbed on the surface or dissolved in the 
interstices of a metal and the atoms of the host crystal is represented by a pairwise additive Morse 
potential function. This interaction is summed over all metal atoms surrounding the hydrogen atom. 
Interactions between hydrogen atoms are not considered. The three force constants of the potential 
function are determined from three experimental values of the hydrogen-metal system: the heat of 
solution, the heat of adsorption and the activation energy for bulk migration. Relaxation of the metal 
lattice surrounding the dissolved hydrogen and reconstruction of the surface metal atoms next to the 
adsorbed hydrogen are considered in the calculation. The potentials so determined are long range- 
metal atoms many lattice constants distant from the hydrogen atom contribute to the binding and the 
metal atoms closest to a dissolved hydrogen atom are repulsive. Four metals are treated: b.c.c. iron 
and tantalum, and f.c.c. nickel and copper. For each metal, two surface planes are investigated. 
Although both tetrahedral and octahedral interstitial sites were tested as solution sites, only occupancy 
of octahedral sites satisfied the interaction energies upon which the calculation is based. Knowledge 
of the potential function permits other characteristics of the hydrogen-metal interaction, such as the 
activation energy for surface migration and the vibration frequency of dissolved hydrogen, to be 
computed. Agreement of these calculated properties with experimental data is satisfactory, but not 
quantitative. The extreme sensitivity to crystal structure (b.c.c. or f.c.c.) and the assumption that the 
nature of the binding of surface hydrogen is the same as that of bulk hydrogen limit the utility of the 
pairwise model to that of an interpolation scheme-as a means of utilizing known characteristics of 
the hydrogen-metal system to estimate parameters not experimentally available. 


1. INTRODUCTION 

Characteristics of the interaction of 
hydrogen with the regular lattice of a metal are 
investigated analytically. The metal-hydrogen 
interaction is represented by summation of a 
central pairwise potential function over all 
the metal atoms surrounding a hydrogen atom 
in or on the lattice. The pairwise potential is 
assumed to be the Morse function. This 
function is applicable to the interaction of the 
two hydrogen atoms of the hydrogen molecule 
[1] and it has also been applied to the binding 
properties of the metal lattice [2]. The Morse 
potential (restricted to nearest neighbor inter¬ 
actions) has also been utilized to predict the 
equation of state of metals [3]. This study seeks 
to determine whether the mixed case of the 
metal-hydrogen system can be satisfactorily 
analyzed by the same type of potential func¬ 
tion. An investigation similar in many aspects 


to the one undertaken here has been reported 
by Goodman [4], who used a Lennard-Jones 
6-12 interatomic potential to investigate the 
binding of various adsorbed species on tung¬ 
sten and nickel. Johnson et al.[ 5] used a cubic 
potential to investigate the properties of carbon 
in iron and vanadium. While Goodman’s study 
was concerned solely with surface interac¬ 
tions, and the calculations of Johnson et al. 
dealt only with bulk properties, the present 
work examines both surface and bulk inter¬ 
actions of hydrogen and the host metal. 

The calculation does not purport to be a 
fundamental representation of the nature of 
the hydrogen-metal bond In fact, the notion 
of central pairwise additivity may not be 
applicable to such systems [4]; Tamm and 
Schmidt[6], for example, have been able to 
explain the structure of hydrogen adsorbed on 
the (100) plane of tungsten on the basis of 
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nearest neighbor bonds between the hydrogen 
atom and the d electrons of the metal. The 
present calculation should be viewed as an 
interpolation scheme—as a method of utilizing 
three relatively easily obtainable charac¬ 
teristics of the binding in a metal-hydrogen 
system to deduce other features of the system 
which are not experimentally available. In 
order to perform such a function, it is neces¬ 
sary to be able to describe the energy of a 
hydrogen atom at various locations in or on 
the crystal. Only the pairwise interaction 
model with an adjustable-parameter interac¬ 
tion potential provides a sufficiently complete 
calculation^ framework for this purpose. 

The three experimental parameters of the 
hydrogen-metal system are employed to 
deduce the three force constants in the Morse 
potential function: 

4>(r) = D jexp -2j(r-r t ) 

— 2exp “(r-r,)! (1) 

where <f>(r) is the potential energy between the 
two atoms separated by a distance r, and r e , 
m , and D are the force constants (r r is the 
equilibrium separation of the two atoms and 
D is the energy of the interaction at the equi¬ 
librium separation distance). Knowledge of 
the interatomic potential function permits 
calculation of properties of the hydrogen- 
metal system other than the three used to 
determine the force constants. The validity 
of the method is assessed by comparing the 
predicted properties to available measure¬ 
ments. Auxiliary features of the interaction, 
such as relaxation of the host atoms around a 
dissolved hydrogen atom should affect the 
pressure dependence of the solubility. How¬ 
ever, no such experiments have been reported 

Several additional assumptions concerning 
the behavio^j^f hydrogen in the metal lattice 
are: 

(1) Hydrogen is dilute in the metal; H — H 
interactions either in the interior or on th£~ 


surface of the metal are neglected. In con¬ 
centrated solutions, this interaction must be 
considered[7,8]. The dissolution equilibrium 
is assumed to follow Sievert’s law, which 
implies hydrogen in atomic form in the bulk. 

(2) The dissolved hydrogen behaves as a 
three dimensional Einstein oscillator in the 
interstitial site of the b.c.c. or f.c.c. lattice 
in which it is located. This model has been 
discussed by Ebisuzaki and O’Keefe [9] and 
applied to the solution and diffusion of hydro¬ 
gen in nickel by Ebisuzaki, Kass and O’Keefe 
[10]. The assumption of an Einstein oscillator 
appears to be satisfactory for f.c.c. metals, 
but is on somewhat tenuous grounds for b.c.c. 
metals[9]. Nevertheless, it is assumed here 
to apply to hydrogen dissolved in both types 
of cubic structures. 

(3) Dissolved hydrogen may reside in either 
the tetrahedral or octahedral interstices of the 
cubic lattices. No assumption concerning this 
point is made; the calculations are performed 
for both types of equilibrium sites. 

(4) Binding of hydrogen on the surface is of 
the same type as that in the bulk. 

(5) The measured heats of adsorption refer 
to polycrystalline material with unidentified 
surface structure. In order to perform the 
calculations, the exposed surface plane must 
be specified. The (100) and (110) planes of the 
b.c.c. lattice and the (J 10) and (111) planes 
of the f.c.c. lattice have been considered-here. 
In each case, the heat of adsorption is assumed 
to apply to the surface face under considera¬ 
tion. 

(6) The diffusional jump is assumed to be 
from one equilibrium site to another via the 
other type of interstitial site (e.g., octahedral- 
tetrahedral-octahedral). The difference be¬ 
tween the energy of the hydrogen atom in 
octahedral and tetrahedral sites is the activa¬ 
tion energy of diffusion. 

There is some support for this idea from 
other studies of migration of interstitial im¬ 
purities in b.c.c. lattices[5, 11]. As shown in 
Fig. 1, the straight line path between octa¬ 
hedral sites in the b.c.c. lattice passes through 
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0 M«tal atom 

* Octahedral site 

* Tetrahedral ette 
-Migration path 



BCC FCC 


Fig. 1. Octahedral-octahedral migration paths via the 
tetrahedral site. 

the tetrahedral interstitial site at the midpoint. 

However, the octahedral-tetrahedral- 
octahedral path in the f.c.c. lattice is not a 
straight line, as shown in Fig. 1 (the tetra¬ 
hedral site shown is at the (1/4, 1/4, 1/4) 
position). Nevertheless, the hydrogen-metal 
distance in the tetrahedral site (V3a/4, where 
a is the lattice constant) is larger than the 
hydrogen-metal distance at the midpoint of a 
straight line jump between two octahedral 
sites {a! V8), so that the path shown in Fig. 1 
is not unreasonable. The diffusion of hydrogen 
in nickel has been shown to be in satisfactory 


agreement with an octahedral-octahedral 
jump mechanism [10]. 

The following aspects of the hydrogen- 
metal interaction ajre considered: 
f (1) the zero point'energy of the dissolved 
hydrogen. 

(2) relaxation of the host lattice about the 
dissolved and adsorbed hydrogen atoms. 

(3) the difference between separation of 
planes in the bulk and the separation of the 
surface layer of metal atoms and the adjacent 
layer. 

Four metals are considered: b.c.c. o-iron 
and tantalum and f.c.c. nickel and copper. 
The parameters of the Morse function for the 
metal-metal interactions have been taken 
from the calculations of Girifalco and Weizer 
[2]. The complete set of input parameters for 
the calculations are shown in Table 1. The 
lattice constant at room temperature is shown 
in the second column. The force constants 
for the metal-metal interaction are in columns 
3-5. The sixth column contains the calculated 
relaxation of the surface layer obtained from 
the force constants shown in the preceding 
columns [12]. The quantity P is the difference 
between the calculated position of the surface 
plane and the position the surface would have 


Table 1. Input parameters 


Metal force constants 11 * 1 Hydrogen interaction parameters 1 * 1 

Element a, A [al r P ta m D [d] Pia Icl X« (p] X. lf) Xd rtJ 


b.c.c. Fe 

2’867 

0-993 

3-95 

9-63 

0 045(100) 
0-048010) 

68 

45 

3-0 

b.c.c. Ta 

3-307 

0-956 

4-37 

21-5 

0-03 (110) 

75 

60 

140 

f.c.c. Ni 

3*521 

0-790 

3-95 

9-73 

0-024(110) 

0*017(111) 

67 

48 

9-4 

f.c.c. Cu 

3-606 

0-795 

3*89 

7-91 

0-026(110) 

0018(111) 

56 

40 

9-2 


lal SAMSONOV G. V., Handbook of the Physicochemical Properties of the Elements , Plenum, New York 
(1968). 

lbi Ref. [2]; tantalum estimated from values for Mo and W. 

rc1 Ref. [12]; iron value scaled from corresponding nickel value; tantalum estimated. 
tdJ kcal/mole. 

ffll EHRLICH G.J. chem. Phys. 31,1111 (1959). 

in from Ref. [9] and FAST J. D., interaction of Metals and Gases , Vol. 1, Academic Press, New York 
(1965). 

tel SMITHELLS C. J., Metal Reference Book , Vol. II, 4th Ed., Plenum Press (1967); except for tantalum 
which was taken from Ref. [15]. 
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if the ibulk interplanar spacing were main¬ 
tained to the surface. 

The three parameters of the hydrogen- 
metal interaction which were used in the 
calculations are shown in the last three 
columns. represents the binding energy of 
atomic hydrogen on the surface, x» represents 
the heat of solution of atomic hydrogen and 
Xd is the activation energy for bulk diffusion. 
A survey of the available literature indicates 
general accord (to within one or two kcal/ 
mole) on all of these values except for the 
activation energy for diffusion of hydrogen 
in tantalum. The NMR measurements of 
Pedersen et al. [ 13] on hydrides with hydrogen 
content exceeding TaH 0 ., yield a value of 
1-6 kcal/mole. The classic permeation experi¬ 
ments reviewed by Chandler and Walter [14] 
yield larger values. Although the activation 
energy from permeation experiments may be 
falsified by the existence of a rate-controlling 
surface step, the activation energy in con¬ 
centrated W-Ta solutions may reflect H-H 
interactions. On balance, we have selected 
the 14-0 kcal/mole result of Klyachko[15], 
since it was obtained by experiments more 
closely reflecting the high temperature, dilute 
solutions to which the present calculations 
apply. 

Parameters of the hydrogen-metal system 
used to check the reasonableness of the 
calculations were: 

(a) Surface diffusion activation energy 

(b) Effect of surface plane on the hydrogen 
binding energy 

(c) The vibrational partition function for 
motion of the adsorbed hydrogen perpen¬ 
dicular to the surface 

(d) Pre-exponential factor of the solubility 
(entropy of solution) 

(e) The internal vibration frequencies of 
hydrogen in^ickel and copper 

(f) The effect of the lattice type on the 

solubility, Ufameters (the solubility of hydro¬ 
gen in both b.c.c. a-Fe and f.c.c. y-Fe has 
been measured). ^ 


Z ANALYSIS 

(a) Heat of solution 

The ground state is the perfect metal lattice 
and free hydrogen atoms at rest. The dissolved 
state is the hydrogen atom in its lowest vibra¬ 
tional state at the center of an octahedral or 
tetrahedral interstice. The nearest and next 
nearest metal atom neighbors are allowed to 
relax. The energy released upon adding a 
hydrogen atom to the solid is given by: 

x, = -V»-bE.-ihv, (2) 

where V 8 is the potential energy of the 
hydrogen atom in the relaxed solution site. 
A E 8 is the increase in the potential energy of 
the metal atoms surrounding the hydrogen 
atom due to relaxation. v s is the vibrational 
frequency of the hydrogen atom in the equi¬ 
librium solution site. The last term is the zero 
point energy of the dissolved hydrogen atom. 

(b) Binding energy of adsorbed hydrogen 
atoms 

The adsorbed hydrogen atom is assumed to 
be in its ground state with respect to vibration 
perpendicular to the surface on the surface 
site which maximizes the binding energy. 
The adsorption sites were taken to be those 
determined by Goodman [4] for each surface 
plane considered. The positions of the 
adjacent metal atoms and the distance of the 
hydrogen atom above the surface are adjusted 
to maximize the binding energy. The energy 
released on placing a free hydrogen atom on 
the surface is: 

Xa F a (Ze 9 ) A£ a \hv a (3) 

where V a {z e q) is the potential energy of the 
hydrogen atom at its equilibrium adsorption 
distance z eq and A E a is the energy required to 
reconstruct the surface. The third term on the 
right is the zero point energy for vibration 
of the hydrogen atom perpendicular to the 
surface. v a is the frequency of this mode of 
vibration. The lateral binding is assumed weak 
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and the zero point energy of these vibrational 
modes is assumed to be negligible. 

(c) Activation energy for bulk diffusion 
The activation energy for diffusion is: 


Xd = (^-^)-(A£.-A£ rf ) (4) 

where V d is the potential energy of the hydro¬ 
gen atom in the interstitial position chosen 
as the migration barrier and A£ d is the in¬ 
crease in lattice potential energy due to relaxa¬ 
tion of the metal atoms about the hydrogen 
atom in this site. Transition state theory 
suggests that the right hand side of equation 
(4) should contain another term reflecting 
the zero point energies in the equilibrium and 
activated states. Ebusizaki et a/. [10] have 
shown that this additional term is of the form: 



where vt is the frequency of the two vibra¬ 
tional modes perpendicular to the migration 
path in the activated state. If v s = rt, the 
bracketed term in expression (5) is always 
positive. However, for hydrogen in nickel, 
Ebusizaki et a/.[10] have measured v\iv g = 
1 -7. In this case, the bracketed term is negative 
and expression (5) adds — 1 kcal/mole to the 
right hand side of equation (4). This correction 
is approximately 10 per cent of the energy of 
migration. Since the correction term of expres¬ 
sion (5) may be either positive or negative 
and since it appears to be small compared to 
the remaining terms in equation (4), it has 
been neglected here. The treatment of diffu- 
sional migration energy is thus similar to that 
used by Burton and Jura[16] and Huntington 
[17]. 

(d) Potential energy of hydrogen in the bulk 
metal 

The potential energies V g and V d are 
obtained by summing the interaction potential 


between the hydrogen atom and a metal atom 
over all metal atoms in the lattice. To simplify 
this procedure, the infinite sum is approxi¬ 
mated by a finite sum over — 40 individual 
metal atoms closest to the hydrogen atom and 
an integral representing the interaction with 
the metal atoms at larger distances. The sums 
are accomplished by dividing the nearby 
metal atoms into spherical shells in which 
the metal atoms are equidistant from the 
central hydrogen atom. 

The characteristics of these shells for the 
two interstitial sites in the two cubic lattices 
considered are shown in Table 2. The cut-off 
distance is chosen midway between the last 
shell of atoms included in the sum and the 
next shell further out. Beyond the cut-off 
distance, the central hydrogen is considered 
to interact with a continuum of atom density 
equal to that of the undisturbed solid. In 
seeking the maximum energy configuration, 
shells 1 and 2 are permitted to relax radially 
by factors of q x and q 2 respectively. The 
potential energy of the hydrogen atom in the 
interstitial site is: 


V = jS n i <}> H - M (q i r i < ’) + 4TTy 


r 2 ^ w _ w (r)dr. 

( 6 ) 


In this formula, V refers either to V, of equa¬ 
tion (2) or V d of equation (4). N is the number 
of shells over which the sum is carried (N — 6 
for b.c.c. and 3 or 4 for f.c.c.), and n ( is the 
number of atoms in shell i. r,° is the hydrogen- 
metal distance of an atom in unrelaxed shell 
i, shown in the last column of Table 2. q ( is 
zero for i > 2. The function 4>h-u is the 
Morse potential of equation (1). The last term 
in equation (6) represents the contribution 
of the continuum atom distribution at distances 
greater than the cut-off r e to the total inter¬ 
action energy, y is the number of atoms in 
the unit cell of the metal (2 for b.c.c., 4 for 
f.c.c.). 


(e) Potential energy of hydrogen on the 
surface 

The potential energy of a hydrogen atom at 


i n ''' 15 * ii n 
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Table 2. Shells for computing lattice sums for dissolved 

hydrogen 


Interstitial site 

Shell 

number 

Number of 
atoms 
in shell 

4 times the //-metal 
distance in units of 
the lattice constant 
(unrelaxed)* 

b.c.c.-octahedral 

1 

2 

V4 


2 

4 

VS 


3 

8 

V20 


4 

8 

V24 


5 

10 

V36 


6 

8 

V40 


cut-off 

— 

V46 

b.c.c.-tetrahedral 

1 

4 

V5 


2 

4 

VTS 


3 

8 

V2l 


4 

12 

V29 


5 

4 

V37 


6 

12 

V45 


cut-off 

— 

V49 

f.c.c.-octahedral 

1 

6 

V4 


2 

8 

Vl2 


3 

24 

V20 


cut-off 

— 

V28 

f.c.c.-tetrahedral 

1 

4 

V3 


2 

12 

VIT 


3 

12 

vT9 


4 

16 

V27 


cut-off 

— 

VST 


’"The ratio of the distance of closest approach to the lattice constant is 
V / 3/2 for the b.c.c. lattice and 1 / V2 for the f.c.c. lattice. 


a distance z over a particular surface site is 
determined by a sum over hemispherical 
shells of equidistant metal atoms plus a 
continuum contribution: 

V a (z) = jS + 2vy r' 2 dr J o 

x f r 2 -2rzti) 1 ' 2 ]dp. (7) 

The origin of the spherical coordinate 
system used in the integration is directly 
beneath the adsorbed atom on the surface 
plane which would exist in the absence of 
separation of the outer most layer of metal 
atoms, z is the distance of the adatom above 
this planer r is the radial distance from the 
origin to a point in the continuum and n is 
the cosine of the polar angle referred to th^ 
axis ^igpendicular to the surface and passing 


through the origin. The number of shells 
over which the sum is carried is chosen to 
give a cut-off radius r c as close as possible 
to that used in the computation of the^inter- 
action energy in the bulk. In general, the first 
term on the right of equation (7) includes one 
half as many metal atoms (— 20) as the cor¬ 
responding internal sum. Because of the lower 
degree of symmetry of the lattice below a 
hydrogen atom on the surface compared to a 
centrally placed hydrogen atom in an inter¬ 
stitial site, a larger number of shells are 
required. For the b.c.c. (100) and (110) 
surfaces and the f.c.c. (110) surface, the shells 
were structured in accord with Figs. 1 and 
2 of Goodman’s paper[4]. There are two 
potential adsorption sites in the f.c.c. (Ill) 
face. The adatom nestles in the crevice 
formed by three surface metal atoms. How- 
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ever, there may or may not be a metal atom 
directly beneath the adsorbed atom (these 
two situations are depicted as the B and C 
sites in Fig. 27(a) of Ref. [18]. Our calcula¬ 
tions indicate only a few per cent difference 
in the binding energy on these two sites with 
the *C* site (no metal atom directly below the 
adsorbed hydrogen) slightly more tightly 
bound. This site was taken as the adsorption 
site. 

The foregoing considerations refer to the 
perfect crystal surface. To these calculations 
were added the separation of the entire outer 
layer of metal atoms from the bulk and the 
relaxation of the metal atoms close to the 
adsorbed hydrogen atom. The configurations 
of the surfaces for the four cases considered 
is shown in Fig. 2. On theb.c.c. (100) surface, 
the metal atom directly beneath the adatom 
is permitted to move vertically and the 
nearest neighbor metal atoms on the surface 
may relax radially and vertically. On the 
b.c.c. (110) surface, only radial and vertical 
relaxation of the nearest neighbor atoms on 
the surface is allowed. Relaxation of the f.c.c. 
(110) surface is equivalent to that on the b.c.c. 
(100) face. The three surface atoms closest 
to the adsorbed hydrogen atom on the f.c.c. 


(Ill) adsorption site relax radially and ver¬ 
tically. The three atoms in the next layer may 
relax in a radial direction only. These relatively 
restricted degrees of relaxations were 
designed to keep the calculations tractable 
yet still provide a qualitative estimate of the 
significance of surface reconstruction. 

The shell distances r, in equation (7) are 
functions of the hydrogen adsorption distance 
z. If the atoms considered are subject to 
relaxation or if the shell contains surface 
metal atoms, r f also depends on the outer 
layer spacing P and the relaxation parameters 
s u s 2 and s 3 . 

(f) Lattice relaxation energies 

The energy required for lattice relaxation 
about a hydrogen atom in the solution site or 
in the activated site (A E g or A E d ) is a function 
of the relaxation the nearest and next-nearest 
neighbor shells surrounding the hydrogen 
atom ( q x and q 2 ) and the Morse potential 
force constants for the metal-metal inter¬ 
action. Following Burton and Jura [19], 
only radial relaxation is allowed. 

The interaction energy between the N shells 
in which discrete atom positions are con¬ 
sidered and between the discrete atom shells 





Fig. 2. Surface configurations after adsorption (distances in units of the lattice constant). 



2506 


D. R. OLANDER 


and the continuum is: 

£*(<7i*<7ss) ~ 2 Eu(<h ) + E 12 (q u q 2 ) 

f-l.f*2 

+ £lc(«,) + £ £ 2 ^ 2 ) + ^ 2 ). (8) 

/» 2 

Interactions between atoms whose posi¬ 
tions do not change during the relaxation 
process are not included in equation (8) since 
these cancel out in computing A E g , 

Eji is the interaction energy between atoms 
in shells i and j and is given by: 

Ei,= 2 j), 0’ = K2) (9) 

where the summation runs over all bonds 
between atoms in shell i and shell j . For the 
self-energy of a single shell containing //* 
atoms, there are ^(w/—l) bonds. Between 
two different shells, there are n { nj bonds. 
r u is the distance between a pair of atoms in 
the / and j shells, and is a function of the relaxa¬ 
tion parameters <?, and/or q 2 . The Morse 
potential function in equation (9) utilizes the 
force constants appropriate to the metal under 
consideration (Table 1). 

E lc and E lv denote the interaction energy 
between shells 1 and 2 and the continuum 
beginning at the cut-off distance r c . The 
energy of interaction between shell j contain¬ 
ing atoms at a distance q/f from the 
hydrogen atom and the continuum is: 

£ JC (<?j) = lirynj r 2 dr 2 fa-Mqjrj 0 ) 2 

+ r*-2r(q j r ) W*]d M , 0 = 12 ) 

( 10 ) 

where fa-* is again the metal-metal potential 
function, rf and r c are taken from the last 
column of Table 2 and p is the cosine of the 
polar angle in the spherical coordinate system 
with the origin at the hydrogen atom. 

The s^ibility of this method for deter¬ 
mining*-relaxation energies was tested by 


computing the energy of sublimination of the 
perfect metal lattice. In this test, the shells 
were constructed around a central metal 
atom and the sublimation energy computed by: 

1 f N 

A^sub — — 2 12 

+ J r 2 0, w _ M (r)drj (II) 

where and r { are the number of atoms in the 
i th shell and the distance of this shell from the 
central atom respectively. These parameters 
were taken from the compilation of Ref. [20]. 
The cut-off distance was taken mid-way be¬ 
tween the Nth and the (N-M)th shells. For 
N = 8, the computed sublimation energy was 
within a fraction of a per cent of the value 
used by Girifalco and Weizer[2] to deter¬ 
mine the force constants shown in Table I. 
For N = 4, the number of discrete atoms 
considered in the lattice sum was — 40, as 
in the hydrogen-metal calculations. In this 
case, the computed sublimation energy was 
within 3-4 per cent of the correct value. This 
magnitude of error introduced by the con¬ 
tinuum approximation to the lattice sum is 
considered acceptable for the calculations 
here. 

Thus, for specified values of the first and 
second shell relaxation factors, the increase 
in the energy of the metal lattice surrounding 
the hydrogen atom is given by: 

AE, = E x (q u q 2 )-£,( 1, 1). (12) 

The energy required to reconstruct the 
surface, AE a , is computed in an entirely 
analogous fashion, with the surface relaxa¬ 
tion parameters 5 2 , s 2 and s 3 replacing q x 
and q 2 . 

(g) Vibration frequencies 

The vibration frequency of the interstitial 
hydrogen atom is determined by averaging out 
the angular dependence of the interaction 
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energy between the hydrogen atom slightly 
displaced from its equilibrium position and the 
metal atoms in the N surrounding shells. This 
procedure forces the potential well to be 
spherically symmetric. The angle averaged 
potential between a hydrogen atom at a 
distance p from its equilibrium position and 
one of the atoms of shell / at a distance ^r,° 
from the center of the cell is given by: 


(a) The force constants m, r e and D of the 
hydrogen-metal Morse potential function. 

(b) The bulk relaxation parameters q u and 
< 72 * for the solution jite and < 7 ld and q ia for 
the activated site. 

(c) The equilibrium adsorption distance 

Zeq- 

(d) The surface relaxation parameters 
s 2 and s 3 . 


<Mp) “ o j 0//-AfKp 2 “b (tf* r i°) 2 

-* 2p( qs") p} 1/2 Jdp. (13) 

The total potential energy of the hydrogen 
atom in the off center position is: 

V{p) = S «^<-<P)(p)“b27ry f r 2 dr 2 J 

»=1 J 'c J ' 1 


Sufficient equations to determine these 
parameters are obtained by using equations 
(2-4) and the requirement that at equilibrium, 
the interaction energies must be a maximum. 
Applying the latter condition to the heat of 
solution expressed by equation (2) yields: 


| 3A E, s=rQ 
dq is dq in 


U = 1 , 2 ). 


(17) 


0A/^l(p 2 +/* 2 -‘2prp) J/ Mdp. (14) 

The energies computed by equation (14) 
fit the parabolic form: 

K(p)-K(0) = K<P 2 (15) 


Since the zero point energy term in equation 
(2) is small compared to the other terms, its 
variation with the relaxation parameters is 
neglected. 

For the activated site the equilibrium 
condition is: 


to within a few per cent for displacements up 
to i of a lattice parameter. The vibration 
frequency was determined from the value of 
k s obtained by fitting V(p) according to equa¬ 
tion (1 5): 


^ + ^ =0 ’ (y=, ’ 2) - (,8) 

The surface binding energy is maximized 
with respect to the adsorption distance: 




27T 



( 16 ) 


= 0 at * = 


(19) 


where m is the mass of the hydrogen atom. 

The frequency of perpendicular vibration 
of an adsorbed hydrogen atom, v a , was deter¬ 
mined by fitting V a (z) of equation (7) to a 
parabola about the equilibrium adsorption 
distance z eq - 


(h) Determination of the force constants 
The problem contains the following un¬ 
knowns: 


In obtaining this equation from equation (3) 
the effect of the relaxation energy of the lattice, 
A E a , and the zero point energy, ihv a , both of 
which are small compared to V a (z), have been 
neglected. 

The surface binding energy is maximized 
with respect to the surface relaxation para¬ 
meters: 


SVg dAEg 
dS{ ds t 


= 0 , 


a 


1,2,3). 


( 20 ) 
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Equations (2-4) and (17-20) constitute a 
set of 11 algebraic equations to be solved for 
11 unknowns. The solution was effected 
numerically on a digital computer. Each of 
the metals in Table 1 was investigated. In 
each case, solution was attempted for the 
octahedral solution site-tetrahedral activated 
site and the reverse situation. For a specified 
metal and a particular solution site, two 
adsorption planes were considered. These 
planes are shown in Fig. 2 for the two lattice 
types. 

3. RESULTS 

(a) Force constants 

Solutions were obtainable only for the 
combination of an octahedral solution site 
and a tetrahedral activated site. In no case 
did the a priori choice of the tetrahedral solu¬ 
tion site yield a set of force constants which 
could reproduce the input interaction energies 
of Table 1. The results of the computations 
for the octahedral solution site are shown in 
Table 3. 

Except for tantalum, solutions were obtained 
for both of the low index surface planes con¬ 
sidered as adsorption sites in each of the cubic 
structures. The choice of adsorption plane had 
a minor effect on the computed force constants. 

Again excepting tantalum, the hydrogen- 
metal interaction potentials are longer range 
[{r e ) N - M > (r P )Af-jif] and broader (m M . H < 
m M ^ M ) than the host metal interaction para¬ 
meters (compare Tables 1 and 3). Figure 3 
illustrates the F c-H Morse potential and the 
Fe-Fe potential taken from Ref. [2], as well 
as the positions of the first six shells of equi¬ 
distant atoms surrounding the central atom. 
It can be seen that the first two shells of the 
F t-H interaction are repulsive rather than 
attractive. Qualitatively, the reason for this 
behavior lies in the relative magnitude of the 
heats <|f solution and adsorption and the 
assumption tfcat the metal-hydrogen forces 
in the bulk on the surface are of the same 
type;. Table 1 shows that in all cases the+feat 
of solution is smaller than the hydrogen bind- 



Fig. 3 The iron-iron interaction potential [2] and the 
hydrogen-iron interaction potential. Positions of shells 
surrounding central atom are marked. The shell positions 
in the Fe-// system are for the octahedral site. Shells 
1 and 2 of the Fe-// system are in the relaxed configura¬ 
tion 

ing energy on the surface. Yet in the bulk, 
the hydrogen atom is surrounded by an infinite 
sea of metal atoms, while on the surface only 
a semi-infinite volume of metal atoms are 
available to bind the hydrogen. The only way 
that surface binding can be stronger than 
bulk binding when there are only half as many 
atoms with which to interact is for a substantial 
part of the bulk interaction to be non-binding 
(i.e. repulsive). Although the hydrogen-metal 
distances in an interstitial site are fixed by the 
lattice geometry (excluding relaxation for the 
moment), the surface hydrogen atom need only 
move away from the surface to escape the 
repulsive interaction characteristic of the 
interatomic distances separating the dis¬ 
solved hydrogen atom and the first two interior 
shells. In the Fe-// case, the repulsive com¬ 
ponent of the first two shells is just cancelled 
by the attraction of the next four shells, and 
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the entire heat of solution is due to interaction 
of the hydrogen atom with the continuum of 
metal atoms beyond the cut-off distance. 

Since the pairwise model used here results 
in interaction forces of quite long range, it is 
easy to see why hydrogen in the octahedral 
site is more stable than in the tetrahedral 
site. In the f.c.c. lattice, the nearest neighbors 
to a hydrogen atom in a tetrahedral site are 
significantly closer to the hydrogen atom than 
in the octahedral configuration. Consequently, 
the first shells are even more strongly repul¬ 
sive in the tetrahedral case than in the octa¬ 
hedral case. The situation is not so clear cut 
in the b.c.c. lattice. In the unrelaxed configura¬ 
tion, the two metal atoms constituting the 
first shell of the b.c.c. octahedral interstice 
are closer to the central hydrogen atom than 
are the four metal atoms of the first shell of 
the tetrahedral site. However, the relaxation 
of the octahedral first shell is considerably 
greater than that of the tetrahedral first shell 
(since there are only two atoms in the 
former and four in the latter). The net result 
is that in the b.c.c. lattice, the first two shells 
of the octahedral site are somewhat less 
repulsive in nature than the first two shells 
of the tetrahedral site. Consequently, the 
binding energy is greater in the octahedral 
site. 

Although Table 3 indicates that the com¬ 
puted force constants are relatively insensitive 
to the adsorption face, the effect of lattice 
type is very marked. The heats of solution and 
adsorption of the hydrogen-iron and hydro- 
gen-nickel systems are very close, which 
suggests similar //-metal interaction potentials 
(the difference between the bulk migration 
energies is in the direction expected from the 
geometrical considerations discussed in the 
preceding paragraph). Yet Table 3 shows a 
distinct difference in the shapes of the Fe-// 
and Ni-// potential functions. The latter is 
even longer range and broader than the Fe-// 
potential. B^ause of this difference, and 
because of me closer packing of the f.c*c. 
lattice compared to the b.c.c. structure, the 


hydrogen atom in the nickel interstitial site 
interacts with many more metal atoms than 
in iron. Consequently, to give roughly the 
same binding energies, the bond energy, D, is 
appreciably less for the Ni -H interaction than 
the Fe-// interaction. This exaggerated influ¬ 
ence of the crystal structure (which is even 
more dramatically illustrated by the computed 
difference in solubility of hydrogen in a and 
y iron) is a defect in the pairwise model applied 
to such systems. From the previous arguments, 
this effect of structure would probably remain 
if other forms of the potential function were 
used. 

It is a general feature of the model that the 
larger the bulk migration energy, the shorter 
range are the computed potentials. This is 
especially striking in comparing the Fe-// 
and Ta -H results. In the latter instance the 
equilibrium separation, r e , is even smaller 
than that of the Ta-Ta potential function. 
However, because \ (l > * n the Ta-// 
system, the first shell surrounding the hydro¬ 
gen atom in the octahedral site is still repulsive. 
In the f.c.c. lattice, the computed potentials 
are quite long range despite migration energies 
of — 9 kcal/mole. This is a reflection of the 
much smaller //-metal distance in the tetra¬ 
hedral site than in the octahedral site for the 
f.c.c. of lattice compared to the b.c.c. lattice. 
Shorter range Ni -H or Cu-H forces would 
have required even larger migration energies. 

(b) Lattice relaxation 

Table 3 shows that the relaxation of the 
metal atoms in the octahedral site of the b.c.c. 
lattice is large; the first shell is displaced 
outward by — 20 per cent and the second shell 
contracts by 3 per cent in the case of tantalum 
and expands by 2 per cent in the case of iron. 
The relatively short range potential in the 
Ta-// system is similar to the potential 
employed for the Fe-C system by Johnson 
et ai [5], and the relaxations of the octahedral 
sites surrounding the impurity atom are also 
similar in magnitude. In addition, the relaxa¬ 
tions of the first two shells of the octahedral 
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site surrounding a dissolved carbon atom were 
found to be radially symmetric. In the Fe-C, 
Fe-// and Ta-// systems, the spherical 
configuration adjacent to the impurity atom 
is deformed into a prolate spheroid. Relaxa¬ 
tion of the tetrahedral site in the present case 
is different from that in the carbon-iron 
analysis of Johnson et aL[ 5]. Although the 
maximum first shell tetrahedral relaxation of 
11 per cent is of the same order of magnitude 
as that calculated for the hydrogen solute 
considered in this study, the Fe-C tetra¬ 
hedral site relaxation was not of the purely 
radial displacement type. The effect of non- 
radial relaxation upon the Fe-// calculation 
was considered and found to be negligible 
(see Appendix). 

Because of the longer range and greater 
width of the computed potentials in the f.c.c. 
systems considered here compared to the 
b.c.c. lattice, the forces on the nearest neigh¬ 
bors atoms are not as great in the former. 
Hence, the relaxation of the interstitial sites 
in the f.c.c. cases are less than in the b.c.c. 
systems. 

Table 3 shows that the disruption of the 
surface by the adsorbed hydrogen is small. 
In all cases the surface atoms which are 
nearest neighbors to the adsorbed hydrogen 
atom are displaced radially outward and down¬ 
ward in the final configuration. When three 
degrees of relaxation are allowed, the dis¬ 
placements do not exceed 2 per cent of a 
lattice constant. The larger displacements 
in the b.c.c. (110) case are probably due to the 
fact that only two degrees of relaxation were 
allowed. The largest energy of surface relaxa¬ 
tion is — 3 kcal/mole which is small compared 
to the adatom binding energy. Similarly, the 
zero point energy for adatom vibration per¬ 
pendicular to the surface is small. The equi¬ 
librium adsorption distances are between 
i and i of a lattice constant. Although not 
shown in Table 3, sizeable variation of the 
first layer separation distance (P of Table 1) 
produced only minor changes in the computed 
force constants. 


The zero point energy of vibration of the 
dissolved hydrogen constitutes — 15 per cent 
of the heat of solution for the b.c.c. metals 
and about 7 per cpnt for the f.c.c. metals, 

4. COMPARISON WITH OTHER MEASUREMENTS 
(a) Activation energy for surface migration 

The measurement of interest here is the 
ratio of the activation energy for surface 
migration to the binding energy in the adsorp¬ 
tion site, which is denoted by Q . This para¬ 
meter has been determined by Gomer and 
co-workers to be 0*22 for hydrogen on tung¬ 
sten [21] and 0*11 for hydrogen on nickel[22]. 
In calculating the surface migration energy 
from the potential functions, the migration 
sites were taken to be those utilized by 
Goodman [4]; for the f.c.c. (Ill) surface, the 
migration site was assumed to be the location 
midway over the line joining two surface 
metal atoms. 

Because of the similarity of tantalum and 
tungsten and their very nearly equal hydrogen 
binding energies, the experimental H~W 
results may be compared to the //-Ta cal¬ 
culations. Only the (110) surface yielded a 
solution for the potential function in the //-Ta 
system. The Q value computed for this face 
of tantalum was 0*16, compared to the 0-22 
experimental value for hydrogen on tungsten. 

Although experimental measurements of 
Q are not available for the surface diffusion 
of hydrogen on iron, the calculations were 
performed for both the (100) and (110) faces. 
The corresponding Q values were 0*16 and 
0-06 respectively. As expected, binding is 
much more uniform on the close packed (110) 
plane than on the rougher (100) plane, and the 
surface migration energy is lower on the 
former. 

For f.c.c. nickel, the calculated Q value is 
0 04 for the (100) face. This is significantly 
smaller than the experimental value of 0*11. 
However, the experimental observation of a 
lower value of Q for an f.c.c. crystal face 
compared to a b.c.c. surface is reflected in 
the calculations. The calculated binding energy 
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on the migration site for the f.c.c. (Ill) face 
was negative by — 1 kcal/mole compared to 
the binding energy on the selected adsorption 
site. This means that the sites chosen as 
adsorption and migration positions should 
have been reversed. The energy difference 
between these two sites, however, is very 
slight (-2 per cent of the binding energy). 
The f.c.c. (Ill) surface is a good illustration 
of Ehrlich’s description of a metal surface as 
one over which the hydrogen atom interacts 
continuously, with minor perturbations in 
the binding energy at adsorption sites [23]. 

The Q values for hydrogen on copper were 
essentially equal to those for hydrogen on 
nickel. 

(b) Effect of surface plane on the hydrogen 
binding energy 

It appears to be a general rule that binding 
of adatoms is weaker on close packed planes 
than on rougher ones[21]. In each of the 
cubic crystal systems investigated here, one 
of the two surfaces was the close packed plane 
(the (110) plane in the b.c.c. structure and 
the (1 11) plane in the f.c.c. lattice). 

In the b.c.c. system, the difference between 
the binding energy of hydrogen on the (100) 
and (110) planes was 6 per cent of the binding 
energy for iron and 40 per cent for tantalum. 
On the b.c.c. (100) surface, the adatom can 
adjust its position above the surface to maxi¬ 
mize the interaction energy with the four 
equidistant surface nearest neighbor metal 
atoms (see Fig. 2). On the b.c.c. (110) surface, 
however, the four surface metal atoms adjacent 
to the adsorbed atom are not equidistant from 
the latter. Consequently, the hydrogen-metal 
interaction cannot be optimized as efficiently 
as for the (100) surface, and binding is weaker 
on the (110) plane. As expected, the shorter 
range and narrower //-Ta interatomic poten¬ 
tial accentuates this structural effect. 

The effect of surface orientation is much 
less pronoppc^d for the f.c.c. system than for 
the b.c.c, 1f |^CCkire. The calculated hydrogen-^ 
metal foN&iare longer range and the substrate 


metal is more densely packed in the former. 
These two factors decrease the importance 
of the immediate environment of the adatom; 
a larger portion of the surface binding energy 
is due to the more distant atoms. The differ¬ 
ence in the hydrogen binding energy on the 
(110) and (111) planes of the f.c.c. lattice is 
3 per cent of the binding energy for both nickel 
and copper. 

(c) Vibration perpendicular to the surface 
Assuming that the adsorbed hydrogen atom 
behaves as a two-dimensional ideal gas, the 
rate constant for atom evaporation can be 
determined from the principle of detailed 
balancing[23]. The rate constant so calculated 
is inversely proportional to the partition 
function for adatom vibration perpendicular 
to the surface, which is: 


J i 


1 —exp 



( 21 ) 


Hickmott[24] has measured the rate of 
desorption of hydrogen atoms from tungsten. 
The experimental rate constant suggests a 
partition function j L ~ 1-3. Taking tantalum 
as a stand-in for tungsten and using the vibra¬ 
tion frequency v (1 computed by the method 
described in Section 2(g), a value of j ± of 1 *2 
is computed for a temperature of 1000°K. 
Both experiment and calculation suggest that 
on the refractory metals, the adsorbed hydro¬ 
gen is very nearly in its ground vibrational 
state. 

(d) Pre-exponential factor in the solubility 
The Einstein oscillator model used to 
describe the behavior of hydrogen in an inter¬ 
stitial site in the metal forms the basis of the 
Fowler-Smithells solubility expression[25]: 

, 22 ) 


where c is the concentration of dissolved 
hydrogen in atoms/cm 3 , p 2 is the pressure of 
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molecular hydrogen gas in dynes/cm 2 , and D 
is the dissociation energy of molecular hydro¬ 
gen (103 kcal/mole). 

The pre-exponential factor 5 0 may be 
written as: 

5 -_ <2iMi _ (hxY (7 

0 2 3l H,kTj. irot ) tli \ i 3l2 \a) 

where j 2ro t is the rotational partition function 
for molecular hydrogen gas, (o H is the number 
of spin states available to the electron brought 
into the metal with the hydrogen atom and 
n K is the number of solution sites per unit 
cell (12 and 6 for the b.c.c. tetrahedral and 
octahedral sites, respectively; 8 and 4 for 
the f.c.c. tetrahedral and octahedral sites, 
respectively). Aj is the thermal wave length of 
the hydrogen atom: 

X, = -Jl - (24) 

wlrnnkT 

at T — 1000 °K, A, = 0-55 A. j 9 is the partition 
function of the dissolved hydrogen. For the 
Einstein oscillator model, 

;.=[i-«p (-££)]"■ (25) 

The internal vibration frequency, is 
obtained by the methods of Section 2 (g). 
The temperature dependent quantities in 
equation (23) were evaluated at 1000°K, which 
represents an average temperature of the 
solubility measurements. Table 4 compares 
the measured and calculated values of the 
pre-exponential factor 5 0 . The calculated 
values are all lower than the experimental ones. 
The discrepancies are probably due to the 
neglect of the excess entropy of mixing, which 
arises from the change in vibration frequency 
of the metal atoms adjacent to the dissolved 
continuum resulting from relaxation. Hunting- 
ton et ai [26] have calculated an excess entropy 
of 0'8 k for a copper interstitial in copper; this 
provides a factor of — 2 increase in the pre- 


Table A. Pre-exponential factors in the 
solubility of hydrogen in metals 


Metal 

S 0 x JO' 1 *, atoms/cm a /(dynes/cm a ) v * 
Calculated 1 * 1 Experimental™ 

Fe 

11 

20±2 

Ta 

4-8 

4-9±0*3 

Ni 

8 

30 ±3 

Cu 

8 

40 ± 3 


ul These arc average values for the two surface 
planes considered for each metal. The spin term in 
equation (23) was assumed to be unity. 

lb! Taken from the compilation of Ref. [9] and 
FAST J. D., Interaction of Metals and Gases , 
Vol. I, Academic Press, New York (1965). The 
tantalum average also includes the measurement of 
Ref. [15]. The error indicates the spread among the 
sources used in obtaining the averages. 

exponential factor of the solubility. Inclusion 
of the excess entropy in the hydrogen solubility 
expression of equation (23) undoubtedly 
would have driven the calculated values 
closer to the experimental ones. 

(e) Internal vibration frequencies 
Comparison of the solubilities of hydrogen 

and deuterium in the same metal permits the 
internal vibration frequency of hydrogen in 
the metal to be determined[9]. Such experi¬ 
ments have been performed on nickel and 
copper; they yield values of the vibrational 
energy level spacing hv 9 of 2*7 and 31 kcal I 
mole for hydrogen in nickel and copper res¬ 
pectively [9]. The calculations here yield 
2*3 and 2*2 kcal/mole respectively. 

The calculated vibrational level spacings 
in the b.c.c. metals are significantly larger, 
being 3*9 and 7-2 kcal/mole for hydrogen in 
iron and tantalum, respectively. There are no 
directly comparable experimental values. 
Sakamoto [27] has measured the vibration 
frequency of hydrogen in the tetrahedral site 
of the face-centered tetragonal lattice of 
TaH 0 . 7 by neutron diffraction. His result 
corresponds to an energy level spacing of 
3*3 kcal/mole. 

(f) Hydrogen solubility in y-iron 

The parameters of the hydrogen-iron Morse 
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potential shown in Table 3 were determined 
from the b.c.c. structure of a-iron. This 
potential function was utilized to calculate 
the heat of solution of hydrogen in f.c.c. y- 
iron. The octahedral site was assumed to be 
the solution site and an estimated value of the 
lattice constant of y-iron at 300°K was utilized 
in order to keep the calculation on the same 
basis as that for a-iron. The calculated heat of 
solution is 56 kcal/mole. Experimentally, 
the heat of solution of hydrogen in y-iron is 
essentially equal to the 45 kcal/mole value 
for a-iron [9]. The pairwise model calculation 
fails rather clearly on this point. This failure 
is more significant than, say, the five-fold 
difference between calculated and experi¬ 
mental solubilities in copper shown in Table 4. 
The prediction of the heat of solution in 
y-iron involves only the potential function 
itself and is not obscured by unknown effects 
such as the excess entropy of solution which 
may account for some of the discrepancies 
in the figures in Table 4. 

In the case of the disparity between the 
//-Fe and //-Ni potential functions discussed 
in Section 3, essentially similar binding 
energies yielded different potential functions. 
Here, the situation is one in which the same 
potential function yields significantly different 
binding energies for two different crystal 
structures of the same metal. 

The heat of solution computed from equa¬ 
tions (2) and (6) for a specified potential 
function is the difference between energy 
terms comparable in magnitude to the heat 
of solution itself. Such a calculation is quite 
sensitive to small errors in the computation 
of each term and to the input parameters. 
For example, a 1 per cent error in the estimated 
lattice constant of y-iron produces a 2 kcal/ 
mole change in the heat of solution. 

The same sensitivity (and failure to. obtain 
quantitative agreement) was observed by 
Johnson et a/. [5] when their Fe-C potential 
function detmtaed from the properties of 
carbon jp iron was applied to predict the- 
interaoii&p energy of orthorhombic Fe 3 C. 


5. NEAREST NEIGHBOR INTERACTIONS ONLY 

The results of Tamm and Schmidt [6] suggest 
that adsorbed hydrogen bonds only to adjacent 
metal atoms (on the (100) face of tungsten 
at least). To simulate this type of bonding 
(retaining the Morse potential function), the 
entire set of calculations were rerun with only 
nearest neighbor interactions permitted. In 
the bulk this amounted to restricting inter¬ 
actions to the first two shells of the b.c.c. 
octahedral site and the first shell of the other 
three interstices (see Table 2). On the surface, 
the hydrogen atom was permitted to interact 
only with the metal atoms shown in the 
sketches of Fig. 2 (except for the f.c.c. 
(Ill) face, where the three atoms in the second 
layer were replaced by a single atom directly 
beneath the adatom —the B site was used 
instead of the C site). All other aspects of the 
calculation were the same as in the case that 
hydrogen was permitted to interact with all 
surrounding atoms. 

No solutions were found for the set of input 
hydrogen-metal interaction energies shown in 
Table 1. Bulk migration energies much larger 
than those shown in the last column of Table 1 
would have been required to produce reason¬ 
able potential functions. The nearest-neighbor- 
only restraint renders the computation 
completely dependent upon the structure and 
distances of the metal atoms adjacent to the 
hydrogen atom. This extreme structural 
sensitivity is greatly mitigated by allowing 
longer range interactions, which was done in 
the original computations. The intermediate 
restraint employed by Johnson et al. [5] of 
forcing the potential to go to zero at some 
point between the second and third shells 
was not attempted. 

6. CONCLUSIONS 

The computational method of utilizing 
three parameters of the hydrogen-metal 
interaction to infer other characteristics of 
the system using the pairwise additive Morse 
potential function as a vehicle provides 
satisfactory qualitative results for b.c.c. 
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metals. It is an adequate interpolation tech¬ 
nique for estimating some hard-to-measure 
features of the hydrogen-metal system. ‘Fine- 
structure’, such as the relative magnitude of 
the internal vibration frequencies in copper 
and nickel discussed in Section 6(e), is not 
faithfully reproduced. The method is exces¬ 
sively sensitive to the structure of the bulk 
crystal, and the results for f.c.c. crystals are 
discouraging. The adsorption face to which 
the surface binding energy is assumed to 
refer has little effect on the computed force 
constants. 

The method is applicable only to dilute 
solutions. The pairing of hydrogen atoms in 
the metal, which has recently been shown to 
be important even at quite small hydrogen 
concentrations[28], is ignored. The actual 
state of dissolved hydrogen is not considered. 
Although hydrogen is believed to be ionized 
in metals[9], this fact affects the present 
calculations only in the rather inconsequential 
choice of the electron spin factor in equation 
(23). However, the long range of the potentials 
computed in this study (binding is due in 
large part to interaction of hydrogen with 
metal atoms many lattice constants distant) 
may be the manner that the pairwise model 
reflects coulombic forces between protons 
and the ion cores of a metal lattice. 

The validity of the assumption that the 
nature of the binding on the surface is the 
same as that for dissolved hydrogen is not 
supported by experimental evidence. The 
fact that surface hydrogen binds more strongly 
to fewer atoms than does bulk hydrogen 
suggests that this assumption may need to 
be modified. 

Given the qualitative nature of the entire 
procedure, some of the refinements employed 
in the calculations were, in hindsight, un¬ 
necessary. The zero point energies, the 
second shell internal relaxation, surface re¬ 
construction and first layer surface separation 
all could have been omitted without markedly 
affecting the results. 

The exclusive use of the Morse potential 


function to represent the energetics of the 
metal-hydrogen interaction does not permit 
explicit investigation of the effect of impurity 
introduction on the behavior of the electron 
gas in the metal. This aspect has received 
considerable attention in theoretical treat¬ 
ments or intrinsic point defects in metals 
[29, 30]. Application of a similar approach to 
hydrogen dissolution in metals was the subject 
of the review of Ebisuzaki and O’Keefe[9]. 
The status of these fundamental calculations, 
however, does not yet permit estimation of the 
types of properties which were the subject 
of the present paper. 

However, long range electronic interactions 
are implicitly included in the Morse potential 
model in two ways: (a) Neglecting the free 
electron gas is partially compensated by 
requiring the force constants of the Morse 
function to be calculated from experimental 
energies of adsorption, solution, and bulk 
migration, (b) The attractive portion of the 
Morse function reflects the adhesive properties 
of the electrostatic terms. It was specifically 
to avoid a detailed consideration of the free 
electron effects that a potential with a repulsive 
and an attractive component was chosen. 
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APPENDIX 

Effect of non-radial relaxation on lattice energies 
Had complete freedom of motion of the metal atoms 
surrounding the hydrogen atom been permitted, the 
lattice distortion energy would have been smaller than 
that calculated by restricting relaxation to the radial 
direction only. The distortion of the f.c.c. lattices in the 
Cu-H and Ni-// systems studied here was so small that 



Fig. 4. Relaxation of the first shell around the tetrahedral 
site of the b.c.c. lattice. 

even appreciable nonradial distortion would not have 
affected the computed force constants. The relaxation 
of the first two shells of the octahedral side in the Fe-C 
system[5] was found to be exclusively radial. Con¬ 
sequently. the effect of non-radial relaxation about a 
hydrogen impurity was investigated only for the tetra¬ 
hedral site of the b.c.c. lattice. Only the first shell was 
considered, since second shell relaxation was very small. 

The analysis of Johnson et al. [5] showed that the relaxa¬ 
tion of the atoms in the first shell of the tetrahedral site 
occurred in the plane formed by the central impurity atom 
and two metal atoms of the surrounding tetrahedron (see 
Fig. 4). This type of distortion may be described by the 
radial component < 7 , and the angle /3 denoting the non- 
radial component of the distortion. In the Fe-C system, 
the deviation from purely radial relaxation was /3 = — 1 ■ 16° 
[5J. The F c-H calculations were modified to permit this 
type of non-radial relaxation With 4 , fixed at 1*121 (the 
average of the Fe values for the tetrahedral site in Table 
3), the minimum occurred at /3 = -0-4° and the lattice 
energy A E s was 0-2 kcal/mole less than the value /3 — 0 
(pure radial relaxation). An energy difference of this 
magnitude is well within the accuracy of the measured 
heats of solution or the migration energy. Consequently, 
the neglect of non-radial lattice distortion about the 
dissolved hydrogen atom isjustified. 
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Abstract—Cr 3 * impurity ions have been positively identified as one of the activators contributing to 
the thermoluminescence in MgO. It has been found that in undoped MgO crystals the m^jor mechan¬ 
ism for Cr 1+ X-ray fluorescence is a reaction between free holes and Cr* + ions, i.e. 

Free hole + Cr 2+ Cr 3+ * 

Cr 3+ * Cr a+ + he. 

The same mechanism produces the Cr 3+ thermoluminescence in MgO. The free holes in thermolumin¬ 
escence come from the destruction of V x centers. The destruction of V t centers is the rate determining 
step for the thermoluminescence and it follows first order kinetics. The activation energy of the 


thermoluminescence is 0-80 ± 0*02 eV. 

1. INTRODUCTION 

It is known that u.v, or x-irradiated, nominally 
pure MgO crystals give rise to a red thermo¬ 
luminescence emission near 370°K. Several 
authors have characterized this thermo¬ 
luminescence with various studies [1-7] but 
no direct identification was made. In this 
paper one of the components is identified by 
directly comparing the thermoluminescence 
spectrum with the high temperature Cr 3+ 
fluorescence spectrum of the same crystal 
excited by visible light. The solid state reac¬ 
tion which is responsible for this thermo¬ 
luminescence was determined by observing 
the effect of crystal treatment on the thermo¬ 
luminescence, by monitoring the change in 
concentration of impurities and defect center 
at various stage of treatment and by analyzing 
the glow curve of the thermoluminescence. 

This paper also includes evidence that in a 
nominally pure MgO crystal the major process 
responsible for Cr 3+ X-ray fluorescence as 
well as the Cr 3+ thermoluminescence is the 
reaction of a Cr 2+ center with a hole. 


* Present Address: Department of Chemistry, Texas 
A&M University, College Station, Texas 77843, U.S.A. 
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The background knowledge needed for this 
study is readily at hand. The fluorescence 
spectrum of Cr 3+ in MgO was first studied 
by Deutschbein[8], then extensively by 
Schawlow and his associates [9-13] and by 
Glass[14]. Most substitutional Cr 3+ impurity 
ions in MgO exist in an octahedral symmetry. 
A fraction of Cr 3 + ions associated with a next 
nearest neighbour cation vacancy (Cr 3+ 0“ 
□, center) and some of the Cr 3+ ions form 
doubly associated Cr 3+ pairs (Cr 3+ 0“ □ 
0 D Cr 3+ , T center). The letter T is used to 
imply the tetragonal symmetry. 

The octahedral Cr 3+ ions can be excited 
to various low-lying excited states, but the 
ions relax rapidly to metastable 2 E state, and 
then emit a photon, returning to the 4 A 2 ground 
state. At 77°K the sharp zero phonon line 
occurs at 698-1 nm (R line), and it has vibra¬ 
tional side bands near 712, 720 and 725 nm. 
The major absorption bands of Cr 3+ are also 
its major fluorescence excitation bands. The 
lowest lying band is at 620 nm. In tetragonal 
symmetry the ground state 4 A 2 and the 2 E state 
of Cr 3+ are split into two levels. The splitting 
of the 4 A 2 state is very small [15] and cannot 
be resolved in the fluorescence spectrum; 
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therefore, the zero phonon line of Cr 3+ splits 
into two lines {N lines). The T centers emit 
at 699*2 and 703-8 nm with vibrational side 
bands near 720, 726 and 732 nm. The T 
centers emit at 698*9 and 703*4 nm with vibra¬ 
tional side bands near 720, 726 and 732 nm 
(13). Both T and T centers have a fluores¬ 
cence excitation band at 610 nm, which over¬ 
laps very much with the excitation band of 
the Cr 3+ R line. 

There are many different defect centers 
existing in nominally pure MgO crystals [16]. 
Most metal impurity ions either have an ionic 
radius considerably different to that of Mg 2+ 
and thus precipitate out along dislocation lines 
and subgrain boundaries, or they cannot 
change their valence. In the events induced 
by ionizing irradiation, the transition metal 
ions of the iron group, and the intrinsic centers 
play the most important roles. Transition 
metal ions and most intrinsic centers are para¬ 
magnetic, hence, their concentration change 
can be monitored by ESR measurements. The 
centers which are of interest in this study all 
have been characterized by ESR. The ESR 
spectrum of Cr 3+ centers in MgO were studied 
by Low[17] Wertz and Auzins[ 18-21]. The 
Kj center, that is a hole trapped by a cation 
vacancy, was studied by Wertz and his 
associates [22, 23]. 

2 . EXPERIMENTAL PROCEDURE 
2.1 Optical measurements 

For stimulating X-ray fluorescence, a G.E. 
CA7 Coolidge copper-target X-ray tube was 
used. It was usually operated at 40 kV and 
18 mA. Cr 3+ fluorescence was also excited 
by visible light. The light source was a Syl- 
vania DWY 650 W tungsten-iodine lamp. 
After passing through a water filter to remove 
the i.r. component, the light was focused upon 
the entrance slit of a 0*25 meter Ebert mono- 
chromater made by Jarrell Ash. The exit 
beam of the monochromater was focused onto 
the sategHe. The exciting light band was 
centered 'M 620 nm and has a band widthjaf 
50 


The crystals were mounted on the tail 
piece of an optical dewar. For taking low tem¬ 
perature fluorescence spectra, the dewar was 
filled with liquid nitrogen; for taking high 
temperature fluorescence spectra, the dewar 
was filled with ethylene glycol and heated by 
an immersion heater. The dewar was equipped 
with three suprasil windows and one alu¬ 
minum foil window oriented at 90° to one 
another. 

A Spex 1700-2 0-75 meter monochromater 
was used for spectroscopic analysis. The 
signal was detected by an EMI 9558Q 
photomultiplier. 

The heated dewar was also used to heat up 
an jc or u.v.-irradiated crystal to generate 
thermoluminescence for taking a thermo- 
luminescence spectrum. For measuring the 
activation energy of the thermoluminescence, 
the Spex monochromater was set at 698*5 nm. 
The out-put of thermoluminescence at that 
wave length was monitored while the irradia¬ 
ted sample was heated up hyperbolically 
(dT/dr — fioT 2 , T is temperature, t is time, 0 O 
is a proportional constant.) The hyperbolic 
heating apparatus was built according to 
Halperin’s design[24]. 

All intensity measurements of fluorescence 
were made at 77°K. Since the irradiation in¬ 
duces changes in all samples, no standard can 
be used for X-ray fluorescence. For fluores¬ 
cence excited by 620 nm light, an untreated 
nominally pure MgO crystal was mounted on 
the other side of the tail of the optical dewar, 
and the 698*1 nm line of this sample was used 
as a standard to calibrate the possible out-put 
change of the tungsten-iodine lamp. 

2.2 ESR measurements 

The concentration of Cr 3+ and V x centers at 
various stages of treatment was monitored 
by ESR measurements. Two spectrometers 
were used. Most room temperature measure¬ 
ments were made in a reflection cavity homo¬ 
dyne type spectrometer with its klystron 
locked to the sample cavity. This spectro¬ 
meter had a TE t0 4 rectangular dual sample 
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cavity. A sample and a standard can be 
measured simultaneously in this cavity. The 
low temperature measurements were made in 
another reflection cavity homodyne type 
spectrometer which has a by-pass arm and 
balanced mixer. This spectrometer had a 
cylindrical TE m cavity. The sample and 
standard were put in a sample holder and 
inserted along the wall of the cylinder. 

For determination of spin number, the 
signal intensity of a particular center in the 
unknown was compared with the signal 
intensity of Cr 3+ in a piece of ruby crystal. 
The Cr 3+ content of the ruby crystal was, in 
turn, calibrated against CuS0 4 *5H 2 0 and 
DPPH. 

2.3 Samples and sample treatments 

The single crystal MgO samples were 
obtained from W & C Spicer Limited, Muscle 
Shoals Electro Chemical Corp. and the 
Norton Company. Those crystals which were 
low in all other impurity ions but Cr ;<+ were 
classified as group A. The remaining crystals 
were called group B. 

The crystals were treated cyclicly: x or u.v. 
irradiated at room temperature, then heated 
up to release the thermoluminescence. The 
X-ray treatments were done by a Machlett 
Thermax tube which was usually operated at 
70 kV and 12 mA; the u.v. irradiations were 
made with an HP 290 Westinghouse steri- 
lamp. The output of this lamp was largely the 
253*7 nm mercury line. The crystals were put 
at about 1 cm away from the irradiation 
source. For heating, the sample crystal was 
placed in a test tube which was immersed 
in ethylene glycol or on a hot plate which was 
kept at 400°C. The point of termination of 
thermoluminescence was monitored by eyes. 

Some of the crystals were heat-treated in 
drastic reducing atmospheres such as H 2 and 
Mg vapor. The hydrogen firing was done with 
an induction heater. The susceptor was a high 
purity graphite crucible. The upper part of it 
was recessed to accommodate an MgO crys¬ 
tal. Since at high temperature MgO started to 


sublime, the sample crystal was enclosed by 
a MgO box to preserve the optical quality 
of the surface. The MgO box in turn was 
placed in the cavity of the graphite crucible. 
The pressure of H % at room temperature was 
85 torr. The temperature of the graphite 
cyclinder was monitored by an optical pyro¬ 
meter. The treatments were carried out near 
1200°C. The furnace for magnesium vapor 
treatment was built according to Hensley’s 
design[25]. The treatments were carried out 
under Mg vapor of several atmospheric pres¬ 
sure with the sample near 2000°C. 

3. RESULTS 
3.1 Spectra of luminescence 

Figure 1 is a Cr 3+ fluorescence spectrum 
taken at 363°K. The spectrum was produced 
by exciting a Cr 3+ rich but undoped MgO 
crystal with 620 mm light. 



Fig. 1. Fluorescence spectrum of Cr 3+ centers in MgO 
excited by 620 nm light at 363°K (Crystal MS-25). 
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The spectra of red thennoluminescence of 
most nominally pure MgO crystals looks like 
the one shown in Fig. 2. It is composed of 
emission lines which are due to Cr 3+ centers 
and a broad band centered at 720 nm. Figure 
3 is a red thennoluminescence spectrum of a 
nominally pure crystal which is rich in chrom¬ 
ium and relatively free of manganese impurity 
ions. The spectrum is almost identical to the 
one that is presented in Fig. 1. 

3.2 Intensity variation of Cr® + X-ray fluores¬ 
cence 

For an untreated undoped MgO crystal, the 
first few cycles of ^-irradiation and the sub¬ 
sequent heating to release the thermolumines¬ 
cence enhanced the Cr 3+ X-ray fluorescence 
intensity but the actual enhancement de¬ 
pended on the individual crystal. High tem¬ 
perature treatment of a crystal in an H 2 atmos¬ 
phere or magnesium vapor did not diminish 
the intensity of the Cr 3+ R line X-ray fluores¬ 
cence. Some of the typical results are given 
in Table 1. 



Fig. 3. Red thermoluminescence of a group A MgO 
crystal (SP 107-1). 



Fig. 2. Red thermoluminesceoce of a group B nominally pure MgO 
crystal (Norton B5953*7). 
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Table 1. Effects of successive treatments on 
Cr* + X-ray fluorescence intensity in nomin¬ 
ally pure MgO at 1TK 


Sample 

Treatment 

Intensity 

R line N lines 
(in arbitrary unit) 

MS-24 

None 

92 

93 


20 min. x-irr. 

117 

123 


1 min. at 400°C 

130 

173 


20 min. x-irr. 

106 

128 


1 min. at 400°C 

160 

213 


20 rain, x-irr. 

130 

160 

MS-37 

none 

63 

54 


15 min. x-irr. 

58 

60 


heat to 180°C 

116 

113 


15 min. x-irr. 

80 

81 


22 hrs in at 1190°C 

105 

7 


15 min. x-irr. 

59 

6 


heat to 180°C 

176 

7 

SP-107 

x-irr. and heat to 180°C 

45 

31 


heat in Mg vapor 
(10 ,s atoms Mg/cm") 

42 

0 


3.3 Intensity variation of Cr 3+ fluorescence 
excited by 620 nm light 

For an untreated undoped MgO crystal, the 
first few cycles of jc-irradiation and heating 
reduces the intensity of Cr 3+ fluorescence 
excited by 620 nm light. Some typical results 
are given in Table 2. In the table X and H 
means 10 mins x-irradiation followed by 
heating to 180°C to release the thermo- 
luminescence. After the first few cycles the 
treatments only fluctuated the fluorescence 
intensity around a certain level. 

Heating of a nominally pure MgO crystal 


in a hydrogen atmosphere significantly re¬ 
duced the intensity of Cr* + fluorescence 
excited by 620 nm light, and treatment in Mg 
vapor eliminated it completely. Table 3 gives 
the results of a crystal heated in H 

Table 3. Effect of heating a nominally pure 
MgO crystal in H t atmosphere at 1190°C on 
the intensity of its fluorescence of Cr 3+ 
excited by 620 nm light 


Treatment 

line position in nm 698-1 703-4 703*8 

Before treatment 0-46 0-054 0-073 

21 hr at 1190°C in H 2 0 069 0*017 0-018 


3.4 Variation o/Cr 3+ concentration monitored 
by ESR 

For the first few cycles, the combined effect 
of jc-irradiation and heating reduced the con¬ 
centration of all Cr s+ centers in an untreated, 
nominally pure MgO crystal. Such changes 
were monitored by spin number measure¬ 
ments and are presented in Table 4. 

The decrease of the Cr 3+ concentration 
stopped after the first few cycles; further 
treatments caused the Cr 3+ concentration to 
fluctuate around a stable level. The type of 
fluctuation depended on the relative concen¬ 
tration of Cr 3+ to other impurity ions. For 
crystals which were very pure, i.e., low in all 
other impurities but Cr 3 * (group A crystals), 
jc-irradiation diminished the Cr 3+ concentra¬ 
tion, and the subsequent heating increased it. 


Table 2. Combined effect of x-irradiation and heating on in¬ 
tensity of Cr 3+ fluorescence excited by 620 nm light in nominally 

pure MgO 


Crystal 

Line 

0 X&H 

Intensity 

1 X&H 2X&H 

4 X&H 

MS-24-5 

698-1 nm 

091 

0-16 

0-10 


MS-24-5 

703-4 nm 

0-21 

0 12 

0-08 

0-07 

MS-9-1 

703-4 nm 

0-24 

0-17 

0-09 

0-04 

MS-12-3 

703-8 nm 

0-28 

0-22 

0-19 

0-15 

MS-9-1 

703-8 nm 

0-33 

0-29 

0-23 

018 


(The intensities were calibrated against the 689-1 nm line of a reference MgO 
crystal.) 
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Table 4. Effect of first few x-irradiation and heating cycles on Cr 3+ 
concentration in untreated , nominally pure MgO crystals 


Crystal 

Center 

0 X&H 

Spin number 
1 X&H 

(Cr s+ /cm 3 ) 

2 X&H 

4 X&H 

MS-24-5 

Octahedral Cr 3+ 

6*9 X 10* 

7*5 x 10* 

4*9 x 10* 

— 

MS-24-5 

T centers 

l*4x I0 ,fl 

9*2 x 10* 

6*5 x JO* 

50x 10* 

MS-9-1 

X' centers 

9 5 x 10* 

7*4 x 10* 

3*7x10* 

1*9 x 10* 

MS-9-1 

T centers 

3*0 X 10* 

2*6 x 10* 

2*2 x 10* 

l*8x 10* 

MS-12-3 

X centers 

3*3 x 10* 

30 x 10* 

2*8 x 10* 

1*6 x 10* 


For crystals which had an iron content several 
times higher than its Cr 3+ ions (group B 
crystals), the direction of Cr 34 concentration 
fluctuation was reversed. Examples of such 
changes are shown in Table 5. The irradiation 
history of a crystal can be erased by annealing 
at 400°C for several days. 

Doping with magnesium metal eliminated 
the T and V centers. Just after the Mg vapor 
treatment the concentration of octahedral 
Cr 3f ion was below the detectional level of the 
ESR spectrometer used (For the sample size 
used this was 2*5 x 10 11 spin/cm 3 .) The jc- 
irradiation increased the Cr 34 concentration 
to a considerable level, as shown in Table 5. 
Heating at 400°C decreased the Cr 34 concen¬ 
tration. If the heating lasted more than a day. 


then the Cr 34 concentration again dropped 
below ESR detection limits. 

3.5 Variation of V , center concentration 
monitored by ESR 

V x centers can be produced in nominally 
pure MgO by X-ray or 5 eV light irradiation 
and can be bleached out by heating or visible 
light irradiation. It was found, as the data in 
Table 6 shows, that the thermal bleaching of 
V t centers and the emission of thermolumines¬ 
cence occurred simultaneously. Heating at 
70°C for 10 min destroyed about half of the 
Vj centers and the same heating released 
about half of the red thermoluminescence. 
At 400°C all the thermoluminescent light 
was released in 1 min; also, the concentration 


Table 5. Effect of x-irradiation and heating at 400°C 1 min on 
octahedral Cr 34 in nominally pure and Mg doped MgO 
crystals which were preconditioned by x-irradiation and heating 

cycles 


Sample 

Concentration (spin/cm 3 ) 

After 50 min x-irr. After 1 min. at 400°C 

SP 107-1 (group A) 

MS-25-4 (group B) 

SP 107-2 ( 10* Mg atoms/cm 1 ) 

1*7x10* 2*7 x 10* 

1*2X10* 2*0X10* 

6*2X10* MX 10* 

Table 6. Number of V x centers in MgO crystals 

K, center concentration 

Crystal/Treatment 50 min x-irr. 70°C 10 min 400°C 1 min 

SP 107-1 (groups) 
MS-24-5 (group B) 

SP 107-2 (Mg 2 x 10”) 

1-7x10“ 5-4x10“ < 10“ 

6 -8x10“ 2-6x10“ <10“ 

3-6x10“ 1-7x10“ <10“ 
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erf Vi center was reduced to below the detec¬ 
tion level of ESR. 

Even after Mg doping x-irradiation always 
produced V x centers; however, for a crystal 
which was freshly doped with heavy dose of 
Mg (i.e. 10 18 Mg atoms/cm 3 or more) 5 eV 
light could no longer produce V } centers. 

3.6 Glow curve of the Cr 34 thermolumines¬ 
cence 

Figure 4 is a thermoluminescence glow 
curve of a group A crystal. The monochroma- 
ter was set at 698*5 nm and the heating rate 
was hyperbolic. Figure 5 is the heating rate 
curve. 

4. DISCUSSION 

4.1 Identification of the thermoluminescent 
activator 

The spectrum in Fig, 1 is a fluorescence 
spectrum excited by 620 nm light. In MgO 
crystals the 620 nm light can only excite 
Cr 34 fluorescence. Compared to spectrum 
taken at 77°K, at 363°K the fluorescence is 
weak and the lines are broadened and shifted. 
The central line at 699-5 nm is due to un¬ 
resolved zero phonon lines of octahedral and 




Fig. 5. Hyperbolic-heating-rate curve for the thermo- 
luminescence in Fig. 4. 

tetragonal Cr 34 centers. Since at 363°K vari¬ 
ous phonon states are populated the photon- 
plus-phonon emission is possible. Vibrational 


min 

Fig. 4. Hyperbolic glow curve of the red thermoluminescence of a 
group A MgO crystal with the Spex monochromator set at 698*5 nm. 
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side bands are seen at both sides of the zero 
phonon line. The Stoke lines are at 712, 720 
nm, the anti-Stoke lines are at 681, 690 nm. 
The spectra in Figs. 1 and 3 are essentially 
identical; therefore, there is little question 
that Cr 3 * centers are the activators for the 
thermoluminescence in MgO observed in 
Fig. 3. In Fig. 2 those Cr 3 * thermolumines¬ 
cence peaks also can be clearly seen but they 
ride on a broad peak which centered at 720 
nm. The broad emission band is due to man¬ 
ganese and the detail of assignment will be 
reported separately. 

There were different assignments about the 
red thermoluminescence. Some authors attrib¬ 
uted it to Fe 3+ [2, 5] whereas others attributed 
it to Cr 3 *[6,7]. This report rules out the first 
assignment for good and also points out that 
manganese is a second contributor. 


4.2 The mechanism of Cr 3 * X-ray fluores¬ 
cence in a nominally pure MgO 
It was found that in MgO crystals the in¬ 
tensity of X-ray fluorescence of Cr 3 * centers 
was not proportional to the concentration of 
these centers. The concentration of Cr 3+ cen¬ 
ters was minitored by two methods: (1) 
Measuring the intensity of ESR lines of cor¬ 
responding centers. (2) Monitoring the in¬ 
tensity of the same fluorescence excited by 
620 nm light. The 620 nm light, because of 
its low energy, has little ionizing effects in 
MgO. The intensity of Cr 3 * fluorescence thus 
excited gives a good representation of the 
concentration of Cr 3 * centers in the crystals. 
As the examples in Table 1 indicate, the 
combined effect of x-irradiation and a brief 
subsequent heating was to increase the in¬ 
tensity of Cr 3 * R line X-ray fluorescence. Yet 
as indicated in Table 2 and 4, the concentra¬ 
tion of octahedral Cr 3 * was reduced to less 
than 10 per cent of the original value. Many 
samples were examined but no exception was 
found. This indicates that there exists some 
mechanism of X-ray fluorescence which 
starts with chromium in some valence state 


and produces Cr 5 * only as the final product of 
the charge transfer process. 

There are two mechanisms which will lead 
to the Cr 3 * ions as the final products, namely: 

Cr 4 * + e~ -► Cr 3 ** m 

Cr 3 ** -► Cr * + hv 

Cr 2 * 4- hole —► Cr 3 ** m 

Cr 3 ** Cr 3 * + /zv. w 

The latter case can be better illustrated by the 
diagram in Fig. 6. Free holes in the valence 
band are created by x-irradiation. These 
holes combined with Cr 2 * ions to produce 
Cr 3 * ions in an excited state, and the 2 E —► 4 A 2 
transition of Cr 3 * gives the fluorescence 
emission. 

It is believed that x-irradiation reduces 
Cr 3 * to Cr 2+ in MgO. Fletcher et ai used 
ultrasonic paramagnetic resonance technique 
on nominally pure MgO crystals. They 
detected a signal that was induced by the 
x-irradiation and assigned it to Cr**[26]. The 
thermal magnets resistance measurements 
made by Challis and Williams [27] supported 
this assignment. If Cr 3 * ions which disap¬ 
peared during x-irradiation and heating were 
converted to Cr 2 *, the second mechanism 
should be favored. However though Cr 4 * 

Conduction band (amply) 


Cr 2+ Cr 3 + 



Fig. 6. Mechanism for X-ray fluorescence of octahedral 
Cr 3+ ions in nominally pure MgO. (a) A free hole com¬ 
bines with a Cr 2+ producing an excited Cr 3+ ion. (b) The 
Cr 3+ * emits a photon in undergoing the to *A 2 tran¬ 
sition and then return to the ground state. 
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was never detected there is no evidence 
against the production of Cr 4+ ions in MgO 
by Jt-irradiation. It is known that Cr 4+ can be 
produced in A1 2 0 3 by irradiation [28]. 

To establish the existence of mechanism 2' 
several nominally pure MgO crystals were 
either heated in H 2 atmosphere at 1200°C for 
several hours or doped with Mg to see the 
effects of reducing treatments on the X-ray 
fluorescence. 

Table 1 and 3 show that after high tempera¬ 
ture treatment in H 2 the intensity of X-ray 
fluorescence increased significantly but the 
concentration of octahedral Cr 3+ went down 
to 15 per cent of its original value. Doping a 
nominally pure MgO with Mg to a dose of 
2xl0 17 Mg atmos/cm 3 , or more, brought 
down the Cr 3+ concentration to a level beyond 
the ESR detection. Yet as Table 1 indicates 
its X-ray fluorescence intensity was not sig¬ 
nificantly changed. After such strong reducing 
treatments one would not anticipate any 
Cr 4+ to exist in a MgO crystal; therefore, in 
such crystals mechanism 2 is the exclusive 
one for fluorescence. 

Table 1,2 and 4 show the same discrepancy 
between X-ray fluorescence intensity and the 
concentration of the T and T' center of Cr 3+ . 
Since the reduction of a Cr 3+ ion in a T or T' 
center to Cr® + by jc-irradiation will not auto¬ 
matically cause the neighbouring cation 
vacancy to move away, it is anticipated that 
some Cr® + ions at a tetragonal site will be 
produced by x-irradiation. It is reasonable to 
expect 2 is the dominant mechanism here too. 
Since now both a cation vacancy and a Cr 2+ 
ion can capture a hole, there may be an in¬ 
creased probability for a hole to interact with 
a tetragonal Cr 2+ ion. This was supported by 
the observation that the X-ray fluorescence 
due to T and T' centers was enhanced to a 
greater degree than R line emission by *- 
irradiation and heating. 

3. Mechanism for producing red thermolumin¬ 
escence of octahedral Cr 3+ in MgO 

The reaction between a hole and a Cr 2+ ion 


appears to be established as the mqjor 
mechanism for Cr 3+ X-ray fluorescence. One 
would anticipate that the same reaction could 
be responsible for the Cr 8+ thermolumines¬ 
cence. Then the question is: Where does die 
hole come from? Several authors have pointed 
out that the V x centers which are destroyed 
might be the source of the holes[6,7], In this 
investigation it was verified that the destruc¬ 
tion of Kj centers and the emission of Cr 3+ 
thermoluminescence occurred simultane¬ 
ously. The results are tabulated in Table 6. 

Doping with magnesium vapor produces 
a large quantity of F' centers (two electrons 
trapped in an anion vacancy). F’ centers 
absorb strongly at 5eV[16]. This led to 
another interesting observation about the 
Cr 3+ thermoluminescence. For a crystal 
which was newly doped with a dose of 10 1 * 
Mg/cm 3 or more, the absorption of F' centers 
was very strong. As a result 5 eV irradiation 
could neither produce K, centers nor the Cr s+ 
thermoluminescence. This indicates that the 
existence of K, centers is the necessary 
condition for production of the Cr 3+ thermo- 
luminescence. 

The product of the reaction between a Cr* + 
ion and a hole is expected to be Cr 3+ . It was 
observed, in rather pure and repeatedly x- 
irradiated and heated crystals, that the dis¬ 
charge of Cr 3+ thermoluminescence was 
accompanied with an increase in the Cr 3+ 
concentration (Table 5). However, for a 
newly cleaved crystal, as it was shown in the 
early part of this paper r-irradiation and 
heating only convert Cr 3+ to Cr 2+ . This indi¬ 
cates (1) Cr 3+ ion has a large electron capture 
cross section. During irradiation the reaction 
of Cr 2+ + hole —» Cr 3+ is competing with the 
reaction of Cr 3+ + e~ -* Cr 2+ . (2) In a newly 
cleaved crystal there exist some ions which 
have smaller electron capture cross section 
are losing electrons to Cr 3+ ions during the 
irradiation. As for rather impure crystals and 
Mg doped crystal the number of such electron 
sources are large and some of them have their 
energy levels positioned very close to the 
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conduction band. Therefore their behavior is 
different from the rather pure ones. As it is 
shown in Table 5, the irradiation increases 
the concentration of Cr 3 * ion and the dis¬ 
charge of thermoluminescence decreases it. 
There is some evidence which supports such 
a hypothesis: It is known that the thermo¬ 
luminescence is accompanied with a thermal 
electric charge release phenomenon (1). In 
the crystals studied in this research the V x 
centers are the only important hole source 
below 363°K. If the charges released are 
mainly holes then the quantity of released 
charges should be proportional to the con¬ 
centration of K, centers. The experimental 
finding was that the concentration of F, 
centers of three different kinds of crystals had 
the same order of magnitude and followed 
the order that group A Mg doped > group A > 
group B (Table 6). But the quantity of elec¬ 
tricity discharged by MS-24-5 was six times 
larger than SP-107-1 (group A ), along with 
the Mg doped SP-107-2 discharged 1000 
times more electricity than SP-107-1 (29). 
This is in agreement with the hypothesis that 
extra electron sources exist in the rather 
impure or Mg doped crystals. The nature of 
the electron source is still not clear. 

Sibley et al.[ 7] also reported that Cr 3 + 
concentration increased after emission of red 
thermoluminescence. The samples they used 
and the ‘rather pure’ samples used in this 
report were supplied by the same company. 
Presumably their measurements were made 
after samples been repeatedly X-rayed and 
heated. 

In brief, since (1) the interaction of a hole 
with Cr a + ion is the predominant mechan¬ 
ism for producing X-ray fluorescence of Cr 3+ 
in MgO, (2) destruction of V x centers and 
emission of the Cr 3+ thermoluminescence 
occur at the same temperature level, and Mg 
doping prevents both the formation of V x 
centers and production of the Cr 3+ thermo- 
luminescence by 5 eV irradiation. (3) after 
discharge of Cr 3+ thermoluminescence, the 
concentration of Cr 3+ increases in the fairly 


pure MgO crystals. The following solid state 
reaction steps are proposed 

V x center -> Free hole + cation vacancy 
Free hole + Cr 2+ -+ Cr 3+ * (3) 

Cr 3+ * Cr 3+ + hv. 

The thermal decomposition of V x centers 
should be the rate determining step for 3, and 
as a result the Cr 3+ thermoluminescence 
should possess apparent first order kinetics. 
This was checked out on the glow curve of 
the thermoluminescence. 

The analysis of glow curves is based on the 
assumption that the intensity of thermolumin¬ 
escence is proportional to the rate of releasing 
of charge (C) which is needed in the lumines¬ 
cence process, that is: 

(4) 

Here n is a constant which depends on the 
mechanism, t is time, and K is a rate constant 
which has an exponential temperature ( T) 
dependence, i.e.: 

K — S exp(~ E a/kT). (5) 

Here S is preexponential factor, E n is the 
activation energy. 

Starting with 4 and 5, for the case with 
n = 1, and the heating rate is hyperbolic, that 
is /V = — (/3 0 is a proportional con¬ 

stant, 7 0 is the starting temperature of the 
heating program), Haiperin[24] showed that 
the thermoluminescence glow curve should 
take the form of: 


In p = 1+x — e*. 

(6) 

1 

o 

uj| 

ll 

* 

(7) 


where t m is the time at which / = / m . / m means 
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/ is at its maximum. At the half-intensity 
point, that is at /// m = equation (6) can be 
solved numerically to give jcj = —1*462, 
x 2 = 0-985. By using the value of x u equation 
(7) and the hyperbolic thermoluminescence 
glow curve in Fig. 4, the activation energy of 
the thermoluminescence was calculated to be 
0*80 ± 0-02 eV. 

This value is significantly different from 
1-12 ±0*05 eV which was reported by Searles 
et ai [5]. The reason for this is: they assumed 
that the thermoluminescence is a biomolecular 
process. If one uses their data and their 
method of analysis (30) but changes the con¬ 
stant q (A factor determined by kinetics. 
q ^ 1 for unimolecular process, 1 q ^ 2 
for bimoiecular process) from 1-25 to 1, the 
activation energy of their glow curve drops 
down to 0*87 eV. 

Our glow curves obey first order kinetics. 
By substituting 0-8 eV into the equation (6), a 
theoretical curve was calculated. As it is 
shown in Fig. 4 it fits to the experimental 
curve well. SearJe et al. reported the thermal 
decay of V } center varied considerably from 
one crystal to another and could not be fitted 
into one exponential decay mechanism. This 
probably indicates that there are several 
mechanisms involved in the decomposition 
of Vj centers; in some rather impure crystals 
a biomolecular process might be the main 
mechanism for the decay of V x center. But 
from our results it seems that the Cr 3+ thermo¬ 
luminescence is not produced by a reaction 
between V x center and Cri + ions. 

It is known that V x centers can be bleached 
out by visible light. The efficiency of bleaching 
reaches its maximum at 2*5eV[16]. The 
photon energy can be regarded as the optical 
activation energy for releasing a hole from a 
V x center. According to Mott the ratio of 
optical activation energy ( hv ) to thermal 
activation energy ( E a ) is equal to the ratio of 
static dielectric constant (e) to high frequency 
dielectric constant (e 0 )[28]: 


For MgO € = 9*8, e 0 = 2-95 [31]. Using E a « 
0*8 eV then one gets hv — 2-64 eV which is 
very close to the energy of the light which is 
most efficient in bleaching out the K, center. 
Similar results were also reported by Thomas 
and Houston [3], 

In brief, the analysis of the thermolumines¬ 
cence glow curve, and the comparison 
between the calculated optical activation 
energy and the experimental value indicate 
that the thermal decomposition of V x centers 
is the rate determining step for the Cr 3+ 
thermoluminescence. 
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EPR OF SUBSTITUTIONAL AND CHARGE 
COMPENSATED Fe 3+ IN ANATASE (Ji0 2 )* 
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Abstract- Paramagnetic resonances were observed in natural single crystals of anatase and are inter¬ 
preted as due to regular substitutional Fe*+(I) and to Fe ,+ combined with an oxygen vacancy at a 
nearest neighbour site (II). The observed unusually strong temperature dependence of the spin- 
Hamiltonian parameter b t ° of (I) and the temperature dependence of the orientation of the magnetic 
axes of the spectrum (II) are both explained by assuming a shift within the unit cell of the equilibrium 
positions of the oxygen ions with temperature, 


1. INTRODUCTION 

Anatase is a polymorphous form of rutile, 
brookite and thesynthetichighpressureTi0 2 II 
[1]. But whereas numerous EPR studies are 
reported on paramagnetic impurities and de¬ 
fects in rutile [2, 3], only a few EPR analyses 
of anatase and, to our knowledge, none on 
brookite have been made. The main reason 
is that one can grow good single crystals of 
rutile with a variety of appropriate dopings, 
but the technique to obtain synthetic crystals 
of anatase and brookite is still not well de¬ 
veloped [4, 5]. 

The few EPR studies of anatase were there¬ 
fore made with synthetic powders, in which 
the spectra of Cr* + [6], Ti 3 +[7, 8] and (TiO) 3+ 

[9] have been analysed. The only single crys¬ 
tal analysis was made by Gainon and Lacroix 

[10] who reported the EPR spectrum of Fe 3+ , 
substituting Ti 4+ in a natural single crystal of 
anatase. 

Presented here are the results of an EPR 
analysis of natural single crystals of ana¬ 
tase supplemented with the analysis of syn¬ 
thetic polycrystalline anatase doped with 
iron. Some of the results, in as much as they 
reinterpreted the results of Gainon and 
Lacroix [10] were already presented in a pre¬ 
vious short note [11] (henceforth noted as HSI). 


* Research support by the National Research Council 
of Canada. 


2. CRYSTAL STRUCTURE AND PHASE 
TRANSFORMATION 

In all polymorphous forms of TiO* the titan¬ 
ium ions are surrounded by six octahedrally 
coordinated oxygen ions. The difference be¬ 
tween these forms lies in the stacking of the 
octahedra and in their distortion. 

Anatase has tetragonal D 4/J point symmetry 
and each unit cell contains four Ti0 2 mole¬ 
cules. Figure 1 shows a unit cell. Cromer and 
Herrington [12] measured the room tempera¬ 
ture cell dimensions a = 3*785 A, c = 9*514 A 
and the oxygen parameter u * 0*413 A. 
Rao et ai [13] determined the thermal expan¬ 
sion of anatase from 28 to 712°C. Over a tem¬ 
perature range of 500°C c increased 0*6 per 
cent and a , 0*3 per cent. 

All Ti 4+ ions in anatase have tetragonal 
site symmetry D 2d with their symmetry axes 
and planes parallel to each other. The oxygen 
octahedra are distorted with two long Ti 4+ - 
0 2 ~ bonds of 1*964 A parallel to the [0011- 
crystal axis and four shorter bonds of 1 *937 A. 
The latter make an angle of a 0 = ±12°34' 
with the (OOl)-crystal plane. Figure 1 dis* 
plays one of these octahedra, formed by the 
Ti 4+ ion S and the six O 2 ' ions A-F. 

Each unit cell contains also four interstitial 
sites surrounded by oxygen octahedra, having 
the same symmetry with respect to the same 
axes as the Ti 4+ sites. One of them is marked 
with I in Fig, 1. The only difference from the 
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Fig. 1. The positions of the ions in a unit cell of anatase. 


Ti 4+ site is that the surrounding oxygen octa- 
hedra are longer along the [001]-axis with a 
I-O 2 " distance of 2-792 A. 

Thermodynamically, pure anatase is un¬ 
stable under any temperature-pressure con¬ 
dition [14]. By heating anatase transforms 
irreversible to rutile. This conversion is im¬ 
measurably slow below some threshold tem¬ 
perature, which varies between 400 and 
1200°C, depending on the kind and concen¬ 
tration of the impurities. For spectroscopi¬ 
cally pure anatase this threshold temperature 
is 610°C [15—19]. 

3. SPIN HAMILTONIAN AND CRYSTAL FIELD 

In this chapter the spin Hamiltonian and the 
theoretical interpretation of its parameters 
will be discussed in as much as it is relevant 
to the observed EPR spectra of Fe 3+ in 
anatase. 

The general form of the spin Hamiltonian 
to describe the EPR spectra of Fe 3+ , which 


has a a S-ground state, in a weak crystal field 
of arbitrary symmetry has the form [20] 

m«-2 

+65 i *4 m( V- <*> 

m=-4 

The 0„ m are operator equivalents[21], the 
b n m are experimental constants. Equation (1) 
neglects a possible interaction with surround¬ 
ing nuclear spins or the nuclear spin of the 
2 per cent abundant 57 Fe. The first term in 
(1) represents the magnetic field dependence. 
The spectroscopic splitting factor g is found 
experimentally to be nearly isotropic and to 
differ at most a fraction of 1 per cent from the 
free electron value of 2-0023 in a variety of 
host lattices. 

The constants b n m are related to D, £, a 
and F used in many EPR studies by the rela¬ 
tions 

b 2 ° = D h 4 ° — all + F/3 
V = 3 E V = 5n/2. (2) 

Under rotation of the coordinate system the 
parameters b n m transform according to the 
formula given explicitly by Vinokurov et ai 
[22,23] and Thyer et al.[ 24]. The number of 
necessary coefficients b n m can be reduced by 
choosing a special coordinate system and is 
further reduced according to the symmetry of 
the crystal field. In particular, a cubic field 
can be described by a single parameter 
a = 2 b 4 {) = $b 4 4 provided one chooses the three 
fourfold axes as the reference system. All 
other b n m are then zero. If one uses, however, 
a fourfold axis as z-axis and the two per¬ 
pendicular twofold axes as x - and y-axes, one 
obtains the cubic parameter a of opposite sign 
and an additional apparent axial distortion 
F = — 3a. It is now apparent that Gainon and 
Lacroix [10] must have used this latter co¬ 
ordinate system to describe the EPR spectrum 
of substitutional Fe 3 + in anatase resulting in an 
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unusual negative value for a and a very large F. 

In an axial crystal field, with the z -axis as 
symmetry axis, the spin Hamiltonian can be 
written 

* * g^H x S z + ig 1 pH 1 {S + 4- S-) 

4 4 V O 2 o + WAV 4 iW> 4 4 0 4 <. (3) 

As already mentioned, the jr- and y-axis are 
best chosen as the two perpendicular cubic 
fourfold axes. 

If the only symmetry of the crystal field is a 
reflection plane, the appropriate coordinate 
system is given by two axes in this plane and 
the third axis perpendicular to it [20]. The 
directions of the two axes in the plane can be 
chosen so that b 2 = 0, this implies the choice 
of the principal axes of the second order ten¬ 
sor b 2 m as coordinate axes. One obtains in 
this way the spin Hamiltonian 

se = m > g . s 4 ifc 2 °o 2 ° 4 j vo 2 2 

0 

This form is especially appropriate if the 
terms b 2 m are much larger than the fourth order 
terms b 4 m , because then the experimentally 
determined ‘magnetic axes’, defined by 
extreme positions of the EPR spectral lines, 
coincide with the coordinate axes. 

By eventual permutation of the axes one 
can additionally limit the value of b 2 2 lb 2 Q to 
the range 0 b 2 2 lb 2 ° < 1 [25]. 

There exists a series of investigations to 
explain theoretically the parameters b n m , 
mainly b 2 ° and b 4 4 (D and a ), for 5-state ions 
[26-29]. The results for b 2 ° can be summar¬ 
ized in 

b 2 ° = b 0 4 c,B 2 q 4 c 2 (B 4 ») ' 4 c 3 (tf 2 0 ) 2 . (5) 

The B n m are coefficients of a development of 
the electric crystal field V at the paramagnetic 
ion site in spherical harmonics Y n m 


( A— \l/fl 

2n+"l) <«> 

n. m 

(B 4 0 )' is the remaining part of B 4 ° after sub¬ 
tracting the part cbijesponding to a perfect 
cubic crystal field. 6 0 accounts for covalent 
bonding and overlap of the electrons of the 
paramagnetic ion with the surrounding lig¬ 
ands and the c { are constants determined by 
properties of the paramagnetic ion, such as 
spin-orbit coupling and orbital level splitting 
in a cubic crystal field. In some cases[26, 30] 
even the use of a point charge model to calcu¬ 
late B 2 ° and (£ 4 0 )' while neglecting b 0 resulted 
in a calculated value of in reasonable 
agreement with the experiment. Sharma, Das 
and Orbach[26] calculated for Mn 2+ in octa¬ 
hedral coordination of ZnF 2 

V- ~0-07JV + 0-36(JV) 2 + 4’34(£ 4 °y (7) 

if b 2 ° is measured in cm -1 and B n m in e 2 / 
2n 0 ?,+1 ; e is the elementary charge, a 0 , the 
atomic unit of length. 

With a point charge model one can calcu¬ 
late [26] 

F 2 °= 2 fc(3cos**j-l)/j?/ (8) 

i 

(fl 4 0 )' - 2 <ft{i(35 cos 4 8 } — 30 cos 2 4 3) 

j 

— i sin 4 0 S cos 4 (9) 

where the external point charges q s \e\ are 
situated at with respect to an 

origin taken at the site of the paramagnetic 
ion. 

Walsh et ai [31] analyse theoretically the 
temperature dependence of D and a. They 
divide it into an external and an implicit 
temperature dependence, where the implicit 
term accounts for the contribution produced 
by the expansion of the lattice. The implicit 
part should depend on the inter-ionic distance 
r as 

Z>ocr 7 , u«r" 21 . (10) 
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4. SAMPLES AND EXPERIMENTAL 
TECHNIQUE 

The natural crystals of anatase studied in 
this work originated in Tavetch, Graubiinden, 
Switzerland and Binntal, Wallis, Switzerland. 
They were kindly supplied to us by Harnik 
of the Crystallographic Institute of ETH, 
Zurich and Meagher of the Geology Depart¬ 
ment of UBC, Vancouver. Typical dia¬ 
meters were 1-3 mm. The two Tavetch 
crystals had pyramidal habit, opaque gray 
color and their EPR spectra, although quali¬ 
tatively similar to those of the Binntal crys¬ 
tals showed broad and poor resolved lines. 
The three crystals of Binntal were yellow and 
transparent. They possessed different habits 
but always had clear recognizable {110}- 
planes which helped to orientate them. The 
orientation of the crystal axes was checked by 
Laue X-ray photographs. All the Binntal 
crystals showed the same EPR spectra and 
the results reported here are obtained with 
them. 

The X-band EPR spectrometer was of 
standard design, with 100 kHz field modula¬ 
tion, AFC, phase sensitive signal detection 
and a Varian standard TE 102 cavity. 

For the room temperature measurements 
the crystal was mounted on a lucite sample 
holder permitting rotations about a hori¬ 
zontal and a vertical axis. For variable tem¬ 
perature measurements a smaller brass sample 
holder was used which permitted rotations 
only about a vertical axis, but could be in¬ 
serted into a quartz dewar, passing through the 
cavity with temperature regulated N 2 -gas 
flow. The temperature of the sample, mea¬ 
sured with a chromel-alumel thermocouple, 
could be adjusted to any value between 78 
and 900°K within ±5°K. 

The frequency of the microwaves was 
measured directly with a digital frequency 
meter and the magnetic field, with an NMR- 
gaussmeter. 

To obtain the angular variations of the EPR 
lines in a particular crystal plane a new tech¬ 
nique vt&s employed. In this technique which 


has been recently reported[32], the magnetic 
field is locked to an EPR line by a feedback 
of the EPR signal to the magnet power 
supply. By slowly rotating the crystal with a 
motor one obtained on an X-Y plotter direct¬ 
ly the angular dependence of the EPR transi¬ 
tions. A block diagram of this technique is 
given in Ref. [32]. 

To measure accurately relative angular 
positions of EPR lines the magnetic field was 
set to a constant value, the crystal slowly ro¬ 
tated with a synchronous motor and the EPR 
signal registered on a strip chart recorder. 
By selecting appropriate EPR lines the angle 
between the magnetic axis of different para¬ 
magnetic centres can be measured in this 
way to an accuracy of ± 0*01 deg. 

In order to determine the absolute sign of 
the spin Hamiltonian parameters an EPR 
measurement at 1°K was made. 

The single crystal studies were supple¬ 
mented with synthetic powder studies. The 
powders were prepared by hydrolysis of 
TiCl 4 , doped with 1 mol.% and 0*01 mol.% of 
FeCl 3 , with NH 4 OH. The precipitated TiO a 
powder was crystallized by heating for 24 hr 
at 400°C. A Debye-Scherrer X-ray analysis 
showed only anatase lines. 


5. EXPERIMENTAL RESULTS 

Two different paramagnetic spectra were 
identified in the anatase single crystals. By 
comparing these with the EPR spectra of the 
iron doped anatase powders both could be 
associated with iron impurities. The spectra 
did not appear in powders doped with other 
impurities. 

The first spectrum which will be called type 
Iris interpreted as a regular substitutional Fe 3+ 
site. In addition to this, there exist four strong 
spectra of type II, which are shown to be con¬ 
sistent with an Fe 3+ ion, substituting also for 
Ti 4+ , but with an oxygen vacancy at a nearest 
neighbour site. Other weaker EPR lines were 
observed, however their intensity did not 
permit even qualitative interpretation. 
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(a) Spectrum I 

This spectrum is characterized by an effec¬ 
tive spin S 9 = 5/2, a small zero field splitting 
compared with the Zeeman energy at A"-band, 
and a tetragonal symmetry with respect to 
the [001] crystal axis. In HSI graphs showing 
the EPR spectra in three crystal planes are 
given. The center line has a line width of 
10-12 G, depending on the orientation of the 
static field H . At 78°K the spectrum showed 
some saturation. Using the crystallographic 
[100], [010] and [001] axes as x, y, z axes res¬ 
pectively, the spectrum could be described 
by the spin Hamiltonian (3) with parameters 
given in Table I for 78 and 300°K. These 
values were obtained by fitting the transition 
fields with H parallel to [001], [100] and [110] 
to (3), evaluated to second order. The results 
were checked by direct diagonalization of the 
energy matrix with a computer programme. * 

The most interesting feature of this spec¬ 
trum is its temperature dependence. Figure 
2 shows the temperature dependence of 
fc 2 ° and b 4 °. b 2 ° decreases from 457 X 10’ 4 
cm’ 1 at 1°K almost linearly with temperature 
over most of the analysed temperature range 
and passes through zero at 800 ± 10°K. 

(b) Spectra II 

In addition to the EPR lines of spectrum I, 


*An unfortunate algebraic error in HSI resulted in 
slightly incorrect values for a and F. These values should 
read at room temperature a = 4-103 x 10 -4 cm -1 and 
F = + 6x 10“'cm- J . 



TEMPERATURE W *K 

Fig. 2. Temperature dependence of b a ° and b 4 ° of spec¬ 
trum I (substitutional Fe 3+ ) in anatase. 

one observes in the anatase crystals several 
other rather intense EPR lines. Figure 3 
shows these EPR lines in the (lOO)-crystal 
plane at room temperature and 9*19 GHz. 
They are characterized by a large anisotropy 
and strong angular dependent intensities. 
The intense lines between 1383 and 1783 G 
have a line width of 11 -14 G at room tem¬ 
perature, are visible up to 300°C and show 
only a small saturation efFect at 1°K. 

These lines can be separated in four sets 
A-D which only differ from one another in 


Table 1. Spin Hamiltonian parameters . All energies 
are in 10~ 4 cm’ 1 


Spectrum I Spectrum II 

(Substitutional Fe 3+ ) (Charge compensated Fe^) 



78°K 

300° K 

78°K 

300°K 

Sn 

g ± 

2*004 ±0*001 
2*004 ±0*002 

2005 ±0001 
2005 ± 0 002 

2 002 ±0005 

v 

±447 ±1 

+ 308*7 ± 1 

-5110 + 30 

— 4970 ± 30 

V 

— 

— 

-3540 ±30 

-3720 ±30 

V 

+ 55-9± 1 

+ 53-5± 1 

— 26± 10 

—14± 10 

V 

— 

— 

+ 60±50 

+ 87 ±50 

V 

+ 267 ± 3 

+ 257 ±3 

+100 ± 10 

+ 70± 10 
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H * 7200 G -►© 


Fig- 3. Spectra (I (charge compensated Fe 3+ ) in the 
(lOO)-crystal plane of anatase at room temperature and 
9 * 19 GHz. 23 kG was the highest obtainable field. The 
lower pan of the figure shows a spectrum obtained by 
rotating the crystal in the (lOO)-plane at a constant field 
H ■ 7200 G. 

90° rotations of their magnetic axes about the 
[001] crystal axis. The magnetic axes of one 
of these sets, expressed in polar coordinates, 
are given in Table 2. 

At the top of Fig. 3 are indicated these mag¬ 
netic axes which lie in the (100)-plane. Y A 
means the v-axis of center A , etc. In the lower 
part of Fig, 3 is shown a spectrum obtained 
by rotating the crystal at a constant field H = 
7200Gauss in the (lOO)-plane. From this 

Table 2, Directions of the magnetic 
axes for one spectrum II, expressed 
in polar coordinates ( 0 , <£). The 
axes of the other three spectra II 
are obtained by successive rotations 
of 90° about the [00 1 ] crystal axis 


Magnetic axis 

Direction in crystal (0,0) 

X 

(<p,0°) 

y 

(90°, 90°) - [010] 

z 

(90°+p, 0°) 

, 300 o K:^»6-32±001° 

78"K:?->6*13±0-0r 


spectrum one deduces an accurate value for 
<p, the angle which defines the orientation of 
the magnetic axes (Table 2 ). 

The relatively small line widths at room 
temperature and the powder spectra indicate 
that these lines are also produced by Fe 8+ 
with S' = 5/2. From the strong anisotropy of 
the lines one can infer that the zero field split¬ 
ting is large. The quadrupolar terms b 2 m in 
the spin Hamiltonian (1) there have to be 
dominant and its principal axes will determine 
the orientation of the magnetic axes. Hence, 
an isotropic g = 2*0023 was assumed and 
initially all b 4 m were set equal to zero. A 
first guess for the remaining i> 2 ° and b 2 2 was 
obtained by using the graphs in Refs. [25], 
[33]. The axes in Table 2 are already chosen 
to give a fit with 0 ^ b 2 2 jb 2 < 1. An adjust¬ 
ment of these parameters was then made with 
a computer programme given by Hebden et 
ai [34]. With this programme the energy levels 
were directly obtained for the cases with H 
parallel to the three magnetic axes and are 
shown in Fig. 4. The observed transitions are 
marked identically as in Fig. 3. A final com¬ 
puter calculated least mean square fit was 
made on all lines in Fig. 4, including b A °, 
b 4 2 and b 4 4 in the spin Hamiltonian, which 
has then the form (4). The results are given in 
Table 1 . 

It should be pointed out that the b 4 m of 
Table 1 give only an order of magnitude since 
there exists no reason to suppose that the 
principal axes of the tensor b 4 m coincide with 
the principal axes of b 2 m , the latter being taken 
as defining the magnetic axes. But by includ¬ 
ing h 4 °, fc 4 2 and b 4 4 the calculated transition 
fields agree with the measured ones to within 
the experimental error, which is ca. 0*1 per 
cent, and an additional inclusion of b A l and 
b 4 3 did not seem warranted. 

In order to obtain an estimate of the relative 
spin concentration of centers of type I and II, 
the spectra at room temperature with H 
parallel to the [ 001 ]-axis, where the four 
spectra II coincide, were used and the line 
intensities A of the center line |+1/2) 
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MAGNETIC FIELD IN KILOGAUSS 

Fig. 4. Energy levels of charge compensated Fe 34 in 
anatas$ along the three magnetic axes. The observed 
transitions are indicated and numbered as in Fig. 3. 


|—1/2} of I with the |+3/2) +* |— 3/2> line 
of II (line # 14 of Fig. 3) were compared. 
Using 

Ni_N hi A, |<i|Siool/)|* 

— — ~r. —= —-(11) 

N " N n . t A u |</|Sioo|j r >l st 

where N\.u is the total number of spins I, II 
in the sample, * s the number of spins 

I, II in the state |«). and |</|J/iJ|/)|* is the 
transition probability between states |i) and 
|/) for the microwave magnetic field parallel 
to [100] with 


|<I/2|S, , oo|-1/2>|*-9/4 

|<3/2|Sjoo| — 3/2)|* - 4-4 (see Ref. [35]) 

a value N U IN i = 0-3 ±01 was obtained. (13) 

r 

The anatase crystals were heated several 
times up to 650°C. No new EPR lines, e.g. 
due to rutile, could be observed and all results 
reported in this chapter remained unchanged 

6. DISCUSSION 

If Fe 3+ substitutes for Ti 4+ in anatase one 
expects a single paramagnetic spectrum with 
tetragonal symmetry along the [001]-axis. 
Spectrum 1 is interpreted as resulting from 
such a center From the symmetry of the spec¬ 
trum it is also possible that the Fe 3+ ions are 
at interstitial sites such as I of Fig. 1. How¬ 
ever, this would generate a strong local charge 
inequality. In addition, in rutile one observes 
paramagnetic impurities in interstitial sites, 
which have different symmetry axes than the 
substitutional sites, only if the paramagnetic 
impurities are too large to enter the substi¬ 
tutional site [2]. The Fe 3+ ion is, however, 
smaller thanTi 4+ . 

There exist two main differences between 
the EPR spectra of substitutional Fe 3+ in 
anatase and rutile [36, 37]: the zero splitting 
is much smaller in anatase and is strongly 
sensitive to temperature which is not the case 
in rutile. 

According to Fig. 2, b 4 ° decreases 12*5 
per cent by increasing the temperature 500°C. 
This can be explained with the implicit term 
of Walsh [31] as given in (10) if an increase in 
the interionic distance of 0*6 per cent is used. 
This is consistent with the increase of the 
lattice parameter c as measured by Rao[13]. 
According to (10) b 2 ° (=*£>) should increase 
with temperature. As a strong decrease of 
b 2 ° with temperature is observed, this cannot 
be explained by the lattice expansion. 

Assuming a point charge model for anatase 
the lattice sums B t ° and (B 4 °Y as defined by 
(8) and (9) were calculated with a computer 
programme. The oxygen parameter u (see 
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Fig. 1) was used as a variable. The results are 
given in Fig. 5. The crystal field was found to 
be very sensitive to small changes in u. An 
increase of u from 0*413 A (its value at room 
temperature) to 0*452 A decreases B 2 ° from 
154 x 10~ 4 e 2 l2a 0 3 to zero and (B 4 0 )' from 
+ 4*2 X 10~ 4 to -7*3 x 10‘ 4 Therefore 

it was concluded that the temperature de¬ 
pendence of b 2 ° is produced by a change in the 
equilibrium position of the oxygen ions. Also 
in support of this argument is the temperature 
dependent orientation of the magnetic axes 
of the spectra II as will be discussed below. 

This shift of the oxygen ions does not 
change the symmetry of the crystal and 
changes essentially only the bond angles and 
not the bond lengths between a Ti 4+ ion and 
its four nearest oxygen ions. In rutile this is 
not possible: there, a change of the oxygen 
parameter affects directly the nearest neigh¬ 
bour Ti 44 -O z ~ distance and hence explains 
the absence of the temperature dependence 
of the EPR spectra in rutile. 

An attempt to correlate the measured value 
of D using (7), with the calculated B 2 ° and 
(B 4 °Y failed, however completely. As the 



Fig. 5. Lattice sums B t ° and (B^)\ calculated with a 
poirtt charge model for anatase, as a function of rife 
oxygen parameter u. 


numerical factors in (7) were calculated for 
Mn 2+ they will not apply exactly in our case, 
but the same order of magnitude would be 
expected for Fe 3+ . One possible explanation 
for this discrepancy is the high polarisibility 
of anatase, this would result in a deformation 
of the neighbouring oxygen ions and a change 
of their positions when replacing Ti 4+ by the 
smaller charge of Fe 3+ . This discrepancy exists 
also in rutile, where a point charge calculation 
gives fl 2 ° = -45 x 10' 4 e 2 l2a 0 \ (fl 4 0 )' = 

— 25 lx 10 -4 e 2 /2fl 0 5 , with the z axis parallel 
to [110]. 

The most reasonable explanation of the 
spectra II is that Fe 3+ replaces a Ti 4+ ion 
and has an oxygen vacancy at a nearest neigh¬ 
bour site. This explains the four spectra II 
(vacancies at A-D of Fig. 1), their symmetries 
and the directions of their magnetic axes. 

Similar EPR spectra of charge compensated 
Fe 3+ have been observed in other crystal, e.g. 
SrTi0 3 [38] which has the same basic struc¬ 
tural blocks TiO e octahedra. In fact, there 
exists a great similarity between the EPR 
spectra of Fe 3+ in anatase and in the tetragonal 
low temperature phase of SrTi0 3 : b 2 ° of 
normal substitutional Fe 3+ in SrTi0 3 is also 
strongly temperature dependent and the 
temperature dependent shift of the oxygen 
ions in SrTi0 3 could also be detected by a 
rotation of the axes of the charge compensated 
Fe 3+ centers [39]. In rutile weak EPR spectra 
of charge compensated Cr 3+ [40] and Co 2+ 
[41] have been observed, however, not of Fe 3+ . 

From symmetry alone, it is possible that the 
oxygen vacancies are located one lattice dis¬ 
tance farther in the same directions, it seems, 
however, unlikely that this could produce the 
large value of the crystal field at the Fe 3+ 
site necessary to give the observed zero field 
splitting. 

An interpretation of the temperature de¬ 
pendence of b 2 ° of spectrum I is a shift of the 
oxygen ions. This would imply that the axes 
of the crystal field of the charge compensated 
center should shift with temperature. An in¬ 
crease of u should increase and for u = 0 
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one expects <p = 0. Lowering the temperature 
should therefore result in a decrease of <p. This 
decrease of <p with temperature was observed 
as shown in Table 2. 

At room temperature we can empirically 
relate <p with the known value of a, the angle 
between the Ti 4+ -0 2 " bond and the (001)- 
plane: 

p — 0*502a. 

If this relation remains valid also for other a, 
we get at 77°K: a 7r = 12*26°. This means that 
the oxygen parameter u should decrease from 
0*413 to 0*401 A by lowering the temperature 
from 300 to 78°K. 

There remains the question as to why the 
charge compensation occurs only at the four 
oxygen ions A-D and not at E or F of Fig. 1. 
From symmetry one should expect that the 
magnetic axes of these latter paramagnetic 
centers coincide with the crystal axes and 
that the rhombic term (£> 2 2 ) be relatively 
small. It is possible that the weaker lines 
which could not be identified would account 
for these paramagnetic centers. 

Note added in proof: 

(1) Since submission of this manuscript the temperature 
dependence of spectrum I has been measured up to I230°K, 
where b 2 ° = — 225 x 10~ 4 cm -1 . 

(2) ’ The linewidths of the outer fine structure lines of 
spectrum I are very angular dependent. With H rotated 
in the (OOl)-plane, these lines are narrow when H is 
parallel to [110] but are poorly resolved with H parallel 
to [100]. This effect, which cannot be explained with a 
mosaic structure of the crystal, increases with increasing 
temperature. 
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THERMAL PROPERTIES OF ALKALI METALS FROM 
STATIC AND DYNAMIC COMPRESSIBILITIES* 
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Abstract —A detailed comparison of the isothermal compression data of Vaidya et aL on the alkali 
metals in the preceding article is made with high temperature shock compression data. The comparison 
provides evidence for strong electronic d-band effects in the equation of state of Rb at high tempera¬ 
tures at pressures as low as 50 kbar. 


1. INTRODUCTION 

In previous work,[1],[2] it has been shown 
that for most metals there is excellent agree¬ 
ment between recent static compressibility 
data up to 45 kbar and dynamic compressibil¬ 
ity data interpolated between shock velocity 
measurements at high pressure (£ 100 kbar) 
and sonic velocity data at low pressures 
(< 10 kbar). Apparently, agreement between 
static and dynamic data can be expected when 
shock velocity data extrapolates at low 
pressure closely to the measured sound vel¬ 
ocity for the same phase and when irreversible 
heating accompanying shock compression 
is small. 

In the immediately preceding paper by 
Vaidya, Getting and Kennedy (hereafter 
referred to as I), in which compressibility data 
for four highly compressible alkali metals 
is presented, the agreement with shock 
compression data is uneven. The disagreement 
is however, considerably less than the 
previously noted disagreement with various 
sets of Bridgman data [3]. In this paper the 
disagreement with shock data is attributed 
to the unusually low values of thermal 
pressure in the heavier alkali metals. An 
explanation of this behavior in terms of 
the influence of electric d-bands in the 
heavier alkali metal will be discussed as 


*Work performed under the auspices of the U.S. 
Atomic Energy Commission. 


well as the possibility of confirming this 
explanation by additional shock wave data 
at very low pressures. Al’tshuler and 
Bakanova[4] have been led to similar con¬ 
clusions by a study of the systematics of 
shock compressibility data for the metals in 
the periodic table which exhibit phase 
transitions. 

2. COMPARISON OF STATIC AND DYNAMIC DATA 
A graphical comparison of static and shock 
compression data is given in Fig. 1. The shock 
Hugoniot data extends down to pressures in 
the vicinity of 50 kbar while static isothermal 
data reaches up to about the same pressure. 
Extensions of the static isotherm above 45 
kbar according to the preferred modified 
Mumaghan fit given in I are shown as dashed 
lines. The Hugoniot data of Rice as recently 
renormalized by the LASL group [5] has been 
extended to zero pressure by dashed lines for 
the purposes of comparing with the static data. 
The Hugoniot will normally lie above the 
isotherm due to the higher temperatures 
which arise from irreversible heating during 
shock compression. The two sets of data for 
Li are seen to be close to each other as is 
typically the case for metals of normal 
compressibility when shock heating is small 
[2]. As noted in I, the Hugoniot data for Na 
and K lies above the isothermal data by a 
reasonable amount, due to the thermal 
pressure generated by shock compression. 
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Fig. I. Fits to static, isothermal and shock Hugoniot compression data. A-individual 
Hugoniot points for Rb. 


Table 1. Summary comparison of metal bulk modulus data and Gruneisen y . ( st ) 
indicates quantities derived from static data, {so) from sonic velocity data and 
{sh) from shock data . Listed moduli are in units of kilobars. B' = dB/dP 


Metal 

yf: 

Sf 


B,(so) 

B,(sh) 

Br(st) 

B' g {so) 

B’,(sh) 

Li 

0-91 

118 4 

1230 

117 0 

1120 

3-33 

_ 

3*62 

Na 

116 

61 *2t 
(59-9) 

64-3 

65-69 

63-6 

3-68+ 

(3*97) 

3*6-3*7 

3*97 

K 

1*32 

314 

34-4 

33-8 

32-0 

3-63 

3 98 

3-75 

Rb 

1*42 

26-2 

29-2 

(24-26)4 

21 4 

3-39 

(3*63)4 

3*93 


"■Calculated from tabulations of thermal expansion data in Handbook of Physics (American 
Institute of Physics, 1963) and specific heat data in Selected Thermodynamic Properties of Metals 
and Alloys , R. Hultgren, R. L. Orr, P. D. Anderson and K. K. Kelly (J. Wiley, New York, 1963) 
and Supplements. 

tFor Na, an average of two MME fits listed in Table 9 of 1 have been used instead of the com¬ 
bined fit shown in parentheses. 

tExtrapoIated from data below 200°K. 


In contrast, however, the extrapolated 
Hugoniot of Rb is considerably below the 
static isotherm below 45 kbar. 

In order to evaluate this comparison, 
various sets of data on the initial adiabatic 
compressibility of these alkali metals are 
summarized in Table 1. The isothermal 
compressibility determined from best fits to 


static data are listed and converted to adia¬ 
batic bulk moduli with the use of the listed 
values of Gruneisen’s y G . The listed value of 
y (i9 in turn, were made consistent with the 
static isothermal modulus, since these iso¬ 
thermal moduli are probably the most reliable 
of the available data. The listed bulk moduli 
obtained from room-temperature sonic 




THERMAL PROPERTIES OF ALKALI METALS 


2541 


velocity measurements in the alkali metal 
show a larger spread of values than is usual in 
metals, presumably because of the difficulty 
in measuring shear wave velocities near the 
melting temperature of a metal (see I for 
reference to sonic data). This problem is 
particularly severe for Rb in which shear 
wave have only been measured below 200°K. 
The shock data listed is obtained in the usual 
way [2] from a linear fit to shock velocity 
measurements. 

For Na and K there is an acceptable, if 
somewhat poorer, agreement between sonic 
and shock moduli in view of the spread of 
the sonic data for Na. The static moduli 
reported in I are also consistent. In Li there 
is a larger discrepancy between shock and 
sonic data and a comparable spread between 
the shock data listed and two other available 
sets of shock wave data [6]. However, because 
of the smallness of the thermal corrections 
and the larger uncertainty in this low pressure 
data on Li, we shall not attempt to resolve 
these discrepancies. A much larger discrep¬ 
ancy exists between the extrapolation 
adiabatic modulus of Rb from shock data and 
the statically measured value. The sonic 
values extrapolated from low temperature 
data also indicate that the shock modulus is 
too small. In as much as the static modulus 
was measured to be the same in two very 
different static apparati in I, and is the only 
one of the three types directly measured, 
we must assume the static modulus to be 
correct. The larger disagreements between 
various measured values of the pressure 
derivatives of the bulk modulus, the B' in 
Table 1, are typical of the differences for 
normal metals [2]. 

The implication of the Rb discrepancy is 
that the extrapolation of shock data to zero 
pressure is incorrect in this case. The lowest 
shock data points for Rb which are shown 
in Fig. l also appear to deviate system¬ 
atically from the single linear fit which is 
made to the entire range of the Rb shock data. 
For this reason, the initial compressibility 


data of I has been transformed into the shock- 
particle velocity plane (i.e., die U, — U p plane) 
and is shown together with shock data points 
pi Fig. 2. A best fit to this data is clearly a 
non-linear U,— U p relation. It would be 
desirable to confirm this non-linearity by 
further shock velocity measurements at low 
pressure. 

The upward curvature of the U,— U p 
relation is only observed for metals in which 
there is a presumed change in electronic band 
structure. These effects have been discussed 
by Royce[7] as well as in [4]. In the latter 
reference, the authors actually included Rb in 
their collection of metals exhibiting electronic 
phase changes along the Hugoniot on the basis 
of an indication of a small amount of curvature 
in the original 17, — U p data on Rb. 

3. DETERMINATION OF GRUNEISEN y c , 
FROM COMPRESSION DATA 

By a simple subtraction at fixed volume it is 
possible to obtain an approximate average 
Gruneisen coefficient, y G between the 



Fig. 2. Compression data in the shock velocity 17- 
particle velocity U p plane for Rb. ^-individual shock 
points and lit from Ref.[5]. V-G-K -fits to static data 
from I. 
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Hugoniot and the static isotherm. The 
average yc is determined from Hugoniot and 
isothermal pressures, P H and P n , and internal 
energies, E H and E T „ according to 


ya(V) 


K[P w (K)-P ro (K)] 
E„(V)-E To ( V) ■ 


(1) 


P H (V) and E h {V) can be calculated directly 
from measured shock velocities by standard 
conservation equations. E T0 (V) can be cal¬ 
culated from PrA V) if the Mie-Gruneisen 
equation-of-state is assumed for the solid. 

E t ,{V) =J'° P u (V)dV-3RT n y,AV)~. 

( 2 ) 

In principle y (i (V) can be calculated from 
compressibility data in the solid phase by an 
iterative solution of equations (2) and (1). 
However, at larger compressions the contribu¬ 
tion of the second term in the right hand side 
of (2) becomes small and the solution is 
considerably simplified by making an approx¬ 


imate guess for y G (V) in the integral. On the 
other hand at small compressions equations 
(1) and (2) are equivalent to determining ydV) 
from the difference between the initial 
adiabatic and isothermal bulk moduli. Clearly 
the moduli in Table 1 are not sufficiently 
reliable. For this reason we have used, as a 
first guess, a y G equal to its initial value 
(see Table 1) in equation (2) in order to 
calculate a y G at maximum compression from 
equation (1). A constant y equal to the average 
of these two was then used in (2) to evaluate 
the final y G (V) by equation (1). The resulting 
y Ct (V) for Na and K over a restricted range of 
high densities is shown in Fig. 3. For Rb the 
necessary shock data below 45 kbar is 
unavailable as argued above. Therefore, 
a calculation of y (; at the lowest shock points 
around 54 kbar (see Fig. 1) was done ignoring 
the second term of equation (2) giving a y G 
0-25. The uncertainty fcven at large compres¬ 
sion in the calculated y (i for Na and K are 
large, ~~ ± 20 per cent, due to the subtraction 
of pressure and energy data in equation (1). 



Fig. 3. Comparison of shock-static values of the Gruneisen coefficient with theoretical estimates 

discussed in Ref.[3j. 
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For Rb the uncertainty of the estimated y G is 
even larger because of the closeness of the 
Hugoniot point to the static isotherm. 

The average values of y c calculated above 
are averages at a fixed density over a range 
of temperatures in the solid, solid-liquid two 
phase and a portion of the liquid phase. For 
the simpler metals in which the electronic 
contributions to thermal properties are not 
too large, this averaged y is not expected to 
differ by more than 20 per cent from the value 
of y c . in the solid phase of the same density. 
However, the large and temperature depen¬ 
dent electronic effects which appear to be 
responsible for the small Gruneisen coefficient 
in the Rb data at high temperature do not 
permit us to determine y (; for solid Rb. 

The calculation values of y ( , for Na are seen 
in Fig. 3 to be reasonable agreement with 
other theoretical estimates (see Ref. [3] for 
review of these) and the data of Swenson. 
The calculated values for K and Rb at higher 
compressions are increasingly smaller than 
conventional estimates which deal primarily 
with the contributions of the motions of the 
atomic centers to the thermal equation of state. 


4. 4-BAND ELECTRONIC EXCITATIONS IN 
Rb AND K 

The 5d-electron band has well-known 
effects in the heaviest alkali metal, Cs. 
An electronic phase transition which occurs 
around 45 kbar without a change in crystal 
structure has been shown by Stemheimer[8] 
to be due to the transfer of the outer 65- 
electron to an inner 5d-electron shell. The 
corresponding transition in Rb should occur 
above 100 kbar according to theoretical 
estimates[8]. In Cs the transition occurs in the 
solid at high compression because of the 
elevation of the 6s-band energy level and 
the broadening of the 5rf-band with com¬ 
pression. This transition is anticipated at 
a lower pressure (~ 25 kbar) by a maximum in 
the pressure dependence of the melting 
temperature. A similar maximum in the 


melting temperature curve of K and Rb has 
apparently been observed by Ref. {9] in 
the vicinity of 80 kbar. Scaling the phase 
transition to ,{the maximum of the melting 
curve as in Cs results in a solid phase 
transition ~ 150 kbar for Rb and K. 

Although the pressures are considerably 
less in the region under discussion, the 
proximity of inner d-band energy levels to 
the valence 5-band can strongly affect the 
thermal properties at lower pressures. For 
instance, there are several ways in which the 
thermal excitation energy of electrons E e can 
produce an abnormally small electron 
pressure P e , i.e., the effective electronic 
Gruneisen coefficient, y e = V{dPJdE e ) v will 
be small. First of all, a part of this coefficient 
is proportional to the rate of change with 
specific volume of the density of electronic 
states in energy, do- E ldV, at the Fermi level. 
When the temperature is high enough to 
excite an appreciable number of electrons into 
the d-band d<r E ldV becomes negative reducing 
y e in magnitude. A second, related effect 
discovered by Ross [10] in the high tempera¬ 
ture properties of X e may be also operative 
here. Ross found that from simple thermo¬ 
dynamic arguments, that if the bottom of 
the excited bands decrease in energy with 
compression, the electronic pressure can also 
be considerably reduced at high temperature. 
Finally, a self-consistent, Hartree-Fock 
solution for electron-energy levels at high 
temperature may lead to a considerable 
rearrangement of the d- and 5-band energy 
levels making a Cs-like’transition possible at 
lower densities. This possibility arises from 
the fact that when excited 5-electrons transfer 
to an inner d level they increase the shielding 
of the valence outer s band and thus raise its 
energy levels which in turn makes more 
likely the further transfer of electrons to the 
d band. This effect must make the metal softer 
at higher temperatures since the d-bands are 
smaller in radius and therefore effectively 
reduce the Gruneisen coefficient. If this effect 
occurs in the liquid phase the ‘transition’ can 
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be expected to be smeared over a range of 
temperature and densities. 

The reduction of y G with increasing 
temperature by any of the above mechanisms 
can explain the different behavior of y in Rb 
and K. Rough estimates of the shock heating 
in [3] indicate that Rb is ~ 50 per cent hotter 
than K at shock pressures ~ 50 kbar. This 
large a difference in shock heating arises from 
the larger compressibility of Rb and its smaller 
specific heat. The apparent similarity of the 
U, — U p data on Rb with the shock data in 
the rare earths [4] suggests furthermore, that 
the third, Hartree-Fock explanation above for 
a low y is most correct. A more definite 
answer would be given by a detailed band 
theory calculation. 
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Abstract-The volume compressions of lithium, sodium, potassium, and rubidium, have been deter¬ 
mined in a piston cylinder apparatus to 45 kbars pressure. The results are at considerable variance 
with Bridgman’s 1948 measurements. The bulk moduli and some of their pressure derivatives have 
been estimated by fitting a Mumaghan equation to the pressure volume data, and the results are 
compared with values obtained from ultrasonic measurements. The static compressions have also 
been compared with isothermal compressions calculated from the shock Hugoniot measurements. 


1. INTRODUCTION 

Detailed measurements of the volume com¬ 
pressions of the alkali metals and many other 
solids were reported by Bridgman over a 
period of three decades. His early measure¬ 
ments on lithium, sodium, and potassium are 
quite consistent with those reported later, 
but there is a marked difference between 
earlier and later measurements on rubidium 
[1-4]. 

Swenson in 1955 measured the volumes of 
the alkali metals at liquid helium tempera¬ 
ture up to 10 kbar pressure in a piston 
cylinder apparatus [5], Experimental iostherms 
up to 20 kbar, ranging from liquid helium 
temperature to circa 350°K, have subsequently 
been reported by Swenson and his collabor¬ 
ators in lithium [6], sodium[7] and potassium 
[ 8 ], 

Measurements of ultrasonic wave velocities 
along crystallographic directions in single 
crystal specimens of sodium, potassium, and 
rubidium [9-12] have been made in the low 
pressure range. These measurements give 
the low pressure bulk modulus and its pres¬ 
sure derivatives, adequate to formulate the 
low pressure P~V relations of these solids. 

"'Publication # 875 Institute of Geophysics and 
Planetary Physics, University of California, Los Angeles 
90024. 


Compressions have also been estimated 
from the measured shock wave and particle 
velocities. Rice[13] has reduced the shock 
Hugoniot pressures to isotherms assuming a 
particular variation of Gruneisen’s para¬ 
meter with the volume of the compressed 
solid. Keeler[14] and Grover et ai[ 15] 
using the Dugdale-MacDonald equation of 
state have also reduced the shock wave data. 
These reductions give results on volume 
compressions markedly different from each 
other and from Bridgman’s results. The dis¬ 
crepancies between Bridgman’s data and the 
data points calculated from shock studies seem 
to lie outside the limits of error involved. 
Grover et al. [15] concluded that the static 
measurements were responsible for the dis¬ 
crepancy. The measurements reported in this 
paper were undertaken to resolve the question. 

2. EXPERIMENTAL METHOD 

The data on alkali metal compression were 
obtained from piston displacement measure¬ 
ments in an end-loaded piston-cylinder 
apparatus. The apparatus and techniques have 
been previously described[16]. As in the 
earlier investigations our pressure chambers 
are of 883 grade Carboloy with 6 per cent 
cobalt bonder, and the pistons are of grade 
999 Carboloy with 3 per cent cobalt bonder. 
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Incidental to the work in these experiments it 
was noted that the life of our pressure vessels 
was short, apparently owing to the tendency 
of the alkali metals at high pressures to pene¬ 
trate small microscopic cracks in the tungsten 
carbide. Lithium and rubidium seemed par¬ 
ticularly deleterious. A number of runs 
during the course of these experiments had 
to be discarded owing to the failure of the 
pressure vessel. 

The arrangement of the sample inside the 
pressure vessel is shown in Fig. I. The alkali 
metal charge was retained by cups of aluminum 
alloy 6061-T6. The compressibility of this 
alloy has been previously determined and 
enters as a small correction in the final 
results [16], The weight of the cups was 
approximately 0T1 g. The cups were backed 
by pyrophyllite mitre rings which serve to 
seal the contents in the assembly. In no case 
did we observe any reaction between the alkali 
metal and the aluminum cups. 

The sample of the alkali metal was com¬ 
pacted in a small jig under mineral oil. The 
sample was then removed from the jig and 
the mineral oil washed off with dehydrated 
hexane. This sample was then quickly trans¬ 
ferred to the pressure vessel. The aluminum 
cups, pyrophyllite mitre rings, and steel shims 
were weighed before the run was assembled. 



After the experiment the entire contents of 
the pressure vessel were weighed and the 
weight of the sample was determined by the 
difference. The initial volume was then 
calculated by dividing the weight of the sample 
by the X-ray density. 

3. DATA ANALYSIS 

Experimenters tend to analyze their data in 
forms most convenient to the measurements 
they make. For example, Bridgman, who 
measured pressure and volume, expanded the 
expression, AK/F 0 , as a polynomial in pres¬ 
sure. Similarly, those who work with the 
shock wave equation of state and those who 
measure sound speed as a function of pressure 
find it most convenient to express their results 
in terms of the adiabatic bulk modulus. 

Bridgman, who measured pressure and 
volume, found that most materials were 
adequately represented by an equation quad¬ 
ratic in pressure. Attempts to fit a polynomial 
to the data in Tables 1-4 show that such a 
representation is quite inadequate. The 
polynomial of the form 

(Vo -V)IV 0 = aP -h bP 2 + cP> + dP 4 

+ eP 5 +fP«+- • • 

does not fit the data until terms of fourth, 
fifth, or even the sixth power of pressure are 
included (Table 10). Further, as Gilvarry 
[17] has noted, the coefficient of the first 
order term, which determines the isothermal 
bulk modulus at zero pressure, varies as the 
number of terms in the series is changed. 
The derivation of the Slater equation for the 
Gruneisen gamma is based on the assumption 
that compression is adequately described by 
a polynomial quadratic in pressure. This 
equation is therefore inadequate to represent 
the Gruneisen gamma for materials such as 
the alkali metals. Thus, for lithium, sodium, 
potassium, and rubidium, a polynomial 
analysis, and the equation of state para¬ 
meters derived from it, are unsatisfactory. 
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Table 1. (VIV 0 ) of lithium from the compres¬ 
sibility experiments and the values calculated 
from the Murnaghan equation (ME) fit to 
the experimental data, p = 0*533 g/cc 


Pressure 

(kb) 

I 

Observed Calculated 
values values 

ME 

H 

Observed Calculated 
values values 

ME 

0 

10000 

1-0000 

1-0000 

1-0000 

5 

0-9610 

0-9617 

0-9611 

0*9607 

10 

0-9285 

0-9289 

0-9281 

0-9275 

15 

0-9011 

0-9004 

0-8994 

0-8988 

20 

0-8756 

0-8754 

0-8738 

0-8737 

25 

0-8526 

0-8530 

0-8518 

0-8514 

30 

0-8333 

0-8329 

0-8313 

0-8315 

35 

0-8141 

0-8146 

0-8123 

0-8135 

40 

0-7983 

0-7980 

0-7966 

0-7970 

45 



0-7829 

0 7820 

B t ( kbar) 


119-97 


116-38 

Bf 


3-262 


3-441 

Standard deviation of 




VIVo 


0-0006 


0-0008 


Table 2. (VIV Q ) os sodium from the compressibility 
experiments and the values calculated from Mur¬ 
naghan equation (ME) and the modified Murnaghan 
equation (MME) fit to the experimental data. p = 
0-97 g/cc 


I 

Observed Calculated Observed 
Pressure values values values 
(kb) ME&MME 


II 

Calculated 

values 

ME NME 


0 

1-0000 

5 

0-9309 

10 

0-8781 

15 

0-8388 

20 

0-8054 

25 

0-7775 

30 

0-7528 

35 

0-7318 

40 

0-7138 

45 



(kbar' 1 ) 


(kbar* 1 ) 

Standard deviation of 
VfV 0 


1-0000 

1-0000 

0-9308 

0-9312 

0-8791 

0-8795 

0-8384 

0-8394 

0-8051 

0-8058 

0-7771 

0-7775 

0-7531 

0-7524 

0-7321 

0-7305 

0-7136 

0-7113 


0-6934 

61-14 


3-569 


0-000 


0-0006 



1-0000 

1-0000 

0-9324 

0-9312 

0-8809 

0-8799 

0*8397 

0*8392 

0-8057 

0-8057 

0-7769 

0-7772 

0-7521 

0-7525 

0-7304 

0-7307 

0-7111 

0-7111 

0-6938 

0-6934 

63 50 

61-34 

3-295 

3 714 

0-000 

-0-02286 

0*0008 

0 0002 
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Table 3. (VIV 0 ) of potassium from compressibility experiments 
and the values calculated from the Murnaghan equation (ME) 
and modified Murnaghan equation (MME) of the experimental 
data, p = 0862 g/cc 


Pressure 

(kb) 


1 



11 


Observed 

values 

Calculated 

values 

ME MME 

Observed 

values 

Calculated 

values 

ME MME 

o 

10000 

1-0000 

1-0000 

1-0000 

1-0000 

1-0000 

5 

0 8809 

0-8852 

0-8810 

0-8809 

0-8854 

0-8827 

10 

0*8073 

0-8100 

0-8074 

0-8087 

0-8098 

0-8079 

15 

0-7550 

0-7553 

0-7546 

0-7537 

0-7546 

0-7538 

20 

0-7132 

0-7130 

0*7136 

0-7118 

0-7118 

0-7119 

25 

0-6801 

0-6789 

0-6799 

0-6784 

0-6773 

0-6778 

30 

0-6514 

0-6505 

0-6515 

0-6490 

0-6486 

0-6492 

35 

0-6268 

0-6264 

0-6267 

0-6243 

0-6241 

0-6246 

40 

0-6047 

0-6056 

0-6047 

0-6032 

0-6030 

0-6030 

45 




0-5839 

0-5844 

0-5839 

# r (kbar) 


33-87 

31-02 


34-13 

32-35 

B T 


3-036 

3-733 


2-959 

3-351 

fl£(kbar -1 ) 


0-000 

-0-04400 


0000 

— 0*02221 

Standard deviation of 






VI Vi o 


0-0024 

0 0003 


00020 

0 0009 



111 



IV 


0 

1 0000 

1 0000 

1-0000 

1-0000 

1 0000 

I -0000 

5 

0-8808 

0-8850 

0-8815 

0-8810 

0-8850 

0-8809 

10 

0-8072 

0-8099 

0 8080 

0-8061 

0-8093 

0-8065 

15 

0-7558 

0-7553 

0-7552 

0-7528 

0-7541 

0-7530 

20 

0-7146 

0-7131 

0-7140 

0-7118 

0-7114 

0-7116 

25 

0-6800 

0-6791 

0-6801 

0-6781 

0-6769 

0-6778 

30 

0-6505 

0-6508 

0-6512 

0-6493 

0-6482 

0 6493 

35 

0-6264 

0-6268 

0-6260 

0-6246 

0-6238 

0-6246 

40 




0-6024 

06027 

0-6028 

45 




0-5836 

05842 

0-5833 

£ r (kbar) 


33-77 

31-11 


33 95 

31-27 

B' t 


3-054 

3 773 


2-971 

3-573 

(kbar ] ) 


0-000 

-0-05118 


0 000 

-0 03436 

Standard deviation of 






VIV o 


0-0026 

0-0009 


0 0023 

0-0003 


The Murnaghan equation, which is derived 
by integrating an equation, in which the bulk 
modulus is represented by a linear equation 
in pressure, gives a superior fit to the data 
points. If the isothermal bulk modulus as a 
function of pressure is given by B T (P) = B T + 
B' t . P then the pressure-volume relationship 
is given by the Murnaghan equation 



Alternatively, if the quadratic term in the 


expression for the bulk modulus is included: 

B T (P) = B T +B^.P + iB'r.P 2 . 
then the pressure-volume relationship is [18] 

2B t + ( \'B' r 2 — 2 B t B't + bT)P /V 0 \ Bif ~ 2Br ^ 
2B T -(X>'B!r 2 -2B T B';-B!r)P \F/ (2) 

This modified Murnaghan equation (2) and 
the standard Murnaghan equation (1) were 
fit to the pressure-volume data by the method 
of least squares. Minimization of the sum of 
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Tabk 4. (F/K 0 ) of rubidium from the compressibility experiments and the values calculated 
from the Murnaghan equation (ME) and modified Murnaghan equation (M ME) fit of the 

experimental data, p = 1-53 g/cc 


Pressure 

(kb) 


_I_ 



_ U _ 


Original 

value 

Calculated 

value 

ME MME 

Observed 

values 

Calculated 

values 

ME MME 

Observed 

values 

Calculated 

values 

ME MME 

0 

10000 

1*0000 

1*0000 

1*0000 

10000 

1*0000 




5 

08614 

0 8668 

0 8648 

0 8618 

0*8651 

0 8623 




10 

0*7843 

0*7857 

0*7844 

0*7818 

0*7834 

0*7817 




15 

0*7293 

0*7289 

0*7284 

0*7261 

0*7265 

0*7258 




25 

06523 

0-6519 

0*6523 

0*6492 

0-6494 





20 

0*6865 

0*6860 

0*6861 

0-6839 

0*6835 

0*6836 




25 

0*6523 

0*6519 

0*6523 

0*6492 

0*6494 

0*6499 




30 

0*6248 

0*6239 

0*6244 

0*6219 

0*6214 

0*6220 




35 

0*6002 

0*6003 

0*6006 

0*5987 

0*5978 

0*5983 




40 

0 5796 

0*5800 

0*5801 

0*5776 

0*5776 

0*5776 




45 

0-5623 

0*5623 

0*5619 

0-5594 

0*5599 

0*5594 




£ r (kbar) 


27*72 

26*67 


27*25 

25*86 




St 


3*140 

3*392 


3*143 

3*476 




B' t (kbar 1 ) 

0 140 

-0*01471 


0*000 

-0*01943 




Standard deviation 









of VIV„ 


0*0023 

0 0016 


0*0016 

0 0005 






III* 



IV 



V 


0 

1 0000 

1*0000 

1*0000 

1*0000 

1 0000 

1 0000 

1*000 

1*0000 

1*0000 

5 

08615 

0*8636 

0*8617 

0*8615 

0*8627 

08619 

0*8614 

0*8646 

0*8630 

10 

07812 

0*7823 

0-7812 

07806 

0*7809 

07805 

07813 

07829 

07820 

15 

0-7249 

0*7261 

0-7257 

0*7244 

0*7244 

0*7242 

0*7263 

0*7261 

0*7259 

20 

06840 

0 6839 

0-6840 

0-6820 

0 6819 

0-6820 

0*6842 

0*6832 

0*6835 

25 

0*6516 

0*6505 

0*6508 

0*6483 

0*6484 

0*6485 

0*6501 

0*6493 

0*6496 

30 

0*6237 

0*6231 

0*6234 

0*6210 

0*6208 

0*6210 

0*6212 

0*6214 

0*6217 

35 

0 6000 

0 6000 

0*6002 

0*5978 

0*5977 

0*5978 

0 5974 

0*5979 

0-5980 

40 

05795 

0*5802 

0*5802 

0*5778 

0*5778 

0*5778 

0*5778 

0*5777 

0*5774 

45 

05629 

0*5629 

0*5625 

0*5602 

0*5604 

0*5603 




B t (kbar) 


26*57 

25*65 


26*40 

26*04 


2706 

26*20 

Bt 


3*264 

3*490 


3*237 

3*324 


3*165 

3*392 

^(kbar' 1 ) 


0*000 

-0*01325 


0*000 

-0*00510 


0-000 

-0*01482 

Standard deviation of 









VI Vo 


0*0012 

0*0006 


0*0005 

0*0002 


0 0017 

0*0011 


* Sample completely enclosed in aluminum double cups. 


the squares of the deviations was accomplished 
by an iterative descent method described by 
Fletcher and Powell [19] and available in the 
IBM Scientific Subroutine Package program 
(FMFP). 

Values of V/V 0 were determined relative 
to the volume-pressure relation for gold 
derived from ultrasonic measurements. The 
final accuracy of these determinations depends 
in a very slight way on the accuracy of the 
gold data as the absolute compressibility of 


gold is very small in comparison to that of 
the alkali metals. It is estimated that the 
accuracy of our measurements is not far 
different from their reproducibility, approxi¬ 
mately ±0-0015 in V/V 6 at the highest pressure. 

4. DISCUSSION OF RESULTS 

A compilation of the various compression 
parameters from this and other works is 
presented in Table 9. Final values of V/V 0 
calculated from the Murnaghan parameters 
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determined in this work are shown in Tables 
5-8. Bridgman’s results of 1938 and 1948, 
Swenson’s data, and the values reduced from 
shock Hugoniot, are also shown. 

Lithium 

Lithium metal of 99-5 per cent stated purity 
was obtained from the A. D. Mackay Co. 
Specimens of the required dimensions were 
cut under mineral oil and scraped to obtain 
a clean and shiny surface. The results are 
shown in Table 1. The final result is shown in 
Table 5 and in Fig. 2, and is compared with 
previous measurements. These results are in 
excellent agreement with Bridgman’s deter¬ 
minations. However, Swenson’s values and 


the value determined by Keeler from reduction 
of the shock Hugoniot are lower. 

Sodium 

Baker’s analyzed reagent grade sodium of 
99*995 per cent stated purity was used. Results 
of two individual runs are shown in Table 2. 
Final results and those of other workers are 
summarized in Table 6 and plotted in Fig. 3. 
These results agree to 1 per cent with Swen¬ 
son’s work and with the shock wave data, but 
our compressibilities are lower than reported 
by Bridgman. 

Potassium 

Baker’s analyzed reagent grade potassium 


Table 5. (VIV 0 ) of lithium obtained from various 
determinations 


Pressure 

(kb) 

Bridgman 

(1938) 

Bridgman 

(1948) 

Shock 

Swenson 

This work 

0 

1-000 

1000 

1 000 

1-000 

1-000 

5 

0-956 

0-961 

0-958 

0*957 

0 961 

10 

0-925 

0-927 

0-922 

0*921 

0*928 

15 

0-897 

0-898 

0*891 

0 889 

0 900 

20 

0-874 

0-872 

0-864 

0-864 

0*875 

25 

0-852 

0-849 

0-841 


0*852 

30 

0-831 

0-828 

0*819 


0-832 

35 

0 812 

0-809 

0 800 


0-814 

40 

0-795 

0-793 

0*783 


0-798 

45 

0-780 


0-766 


0-782 


Table 6. 

(V/V 0 ) of sodium obtained from 
determinations 

various 

Pressure 

(kb) 

Bridgman 

(1938) 

Bridgman 

(1948) 

Shock 

Swenson 

This work 

0 

1*000 

1*00 

1*00 

1000 

1-000 

5 

0*929 

0-937 

0-931 

0*931 

0-931 

10 

0*881 

0*887 

0-878 

0-880 

0 880 

15 

0*844 

0-847 

0-837 

0-840 

0-839 

20 

0*814 

0-814 

0-803 

0-808 

0-806 

25 

0-788 

0-786 

0*775 


0*777 

30 

0-765 

0-762 

0*750 


0-753 

35 

0-743 

0-741 

0-728 


0*731 

40 

0-724 

0-723 

0*708 


0-712 

45 

0-707 


0*691 


0-694 


! 
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Table 7. (K/K 0 ) of potassium obtained from various 
determinations 


Pressure 

(kb) 

Bridgman Bridgman 
(1938) (1948) 

Shock 

Swenson 

This work 

it 

0 

1000 

1*000 

1*000 

1*000 

1*000 

5 

0*884 

0*885 

0*878 

0*881 

0*881 

10 

0813 

0 813 

0-802 

0-810 

0*807 

15 

0*766 

0*760 

0*747 

0*761 

0*754 

20 

0*729 

0*720 

0*704 

0*721 

0*713 

25 

0*696 

0*689 

0*669 


0*679 

30 

0*668 

0 660 

0*640 


0*650 

35 

0*643 

0*638 

0*615 


0*626 

40 

0*620 

0*620 

0*593 


0*604 

45 

0*601 

0*605 

0*574 


0*584 


Table 8. (V/Vq) of rubidium obtained from 
various determinations 


Pressure 

(kb) 

Bridgman 

(1938) 

Bridgman 

(1948) 

Shock 

This work 

0 

1*000 

1-000 

1000 

1*000 

5 

0*832 

0*875 

0838 

0*862 

10 

0*765 

0*800 

0*750 

0*781 

15 

0*718 

0-747 

0691 

0*725 

20 

0*682 

0*705 

0 646 

0*682 

25 

0*652 

0*671 

0611 

0 649 

30 

0*626 

0*644 

0582 

0*622 

35 

0*603 

0*621 

0*557 

0*598 

40 

0*583 

0*602 

0*536 

0*578 

45 

0*566 


0 517 

0*560 


of 99 *$95 per cent stated purity was used to 
obtain the values reported in Table 3, The 
final results are compared with those of other 
experimenters in Table 7 and plotted in Fig. 4. 
The new results are intermediate between 
Bridgman’s data and the reduced shock wave 
data, and while the disagreement at 40 kbar is 
less than 2 per cent in VlV 0 < the difference 
appears to be significant. 

Rubidium 

Rubidium metal, sealed under argon in 5 g 
ampules, was obtained from the Research 
Organic and Inorganic Chemical Co. The 
stated purity was 99*5 per cent. The metal was 
melted and slowly resolidified in order to 
eliminate any voids in the sample. Data on 


five runs are shown in Table 4. Final values 
are compared with results of others in Table 8 
and plotted in Fig. 5. Our results lie inter¬ 
mediate between Bridgman’s 948 results and 
the data from the reduction of the shock 
Hugoniot. In three experiments (I—III) 
rubidium was completely encased in double 
aluminum cups, thus eliminating the possi¬ 
bility of creep into microscopic cracks in the 
pressure core while two other experiments 
(IV and V) employed aluminum cups at the 
two ends similar to the experiments with 
lithium, sodium, and potassium. Results of 
the runs made in these two different fashions 
are similar. As in the case of potassium, the 
newly determined room temperature isotherm 
is intermediate between Bridgman’s results 
and the data from reduction of the shock wave 
measurements. 

The initial bulk modulus of rubidium ( B r — 
-V(dPldV) T , P 0) estimated from our 
measurements is about 26-6 kbar, that from 
shock data is about 22 kbar. It is immediately 
clear that this large difference in values of 
B t can account for the major discrepancy 
between the shock isotherm and the one 
obtained from the present work (Fig. 5). It 
is not possible to excite shear waves in 
rubidium at room temperatures so ultrasonic 
values of B s are unavailable for comparison 
[ 201 . 

In order to resolve this discrepancy, an 
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Fig. 2. Comparison of static isothermal compression data and 
the isotherm calculated from shock data for lithium. 



Fig. 3. Comparison of static isothermal compression data and 
the isotherm calculated from shock data for sodium. 
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Fig. 4. Comparison of static isothermal compression data 
and the isotherm calculated from shock data for potassium. 

attempt was made to measure B T directly. 
A hydrostatic volumeter originally designed 
and employed in the measurement of PVT 
relations for liquids at low pressures was 
used. Details of this apparatus and the methods 
of measurement have been previously de¬ 
scribed [21]. Mineral oil, free of all dissolved 
air and water was used as a pressure medium. 
An 16" dia. 0-1400 bar range Heise-Bourdon 
tube gauge with graduations at 2 bar intervals 
was used for the measurements of pressure. 
The measurement consisted of observing the 
positions of a graduated piston, calibrated in 
terms of the volume of oil displaced, in two 
experiments —one with only mineral oil filling 
a certain volume of the volumometer and the 
other with the addition of a known volume of 
rubidium without altering the amount of 



Fig. 5. Comparison of static isothermal compression data 
and the isotherm calculated from shock data for rubidium. 

mineral oil in the system. The P-V data for 
rubidium are then directly obtained from these 
difference measurements. 

Rubidium for these low pressure experi¬ 
ments was purchased from the Aldrich 
Chemical Company and had a stated purity 
of 99 + per cent. Fluctuations in the ambient 
temperature gave rise to noticeable uneveness 
in the P-V plots, but hardly affected the 
estimation of B T . Two independent experi¬ 
ments gave a B T of 26* 14 and 26-45 kbar 
which are in excellent agreement with values 
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Table 9. Compressibility parameters and Gruneisen constants of the alkali metals . 
Murnaghan equation (ME) and modified Murnaghan equation (MME) were fitted to all 

the experimental data 


Element 

Temp. 

(°K) 

B T 

(kbar) 

Bj 

B'i 

(kbar -1 ) 

riaic 

7th 

Reference 

Lithium 

RT 

U8±2 

3-33 ±0 09 


1 50 

0-89 ld) 

ME This work 


RT 

111-9 

3-33 ±0-09 


1*64 

O.ginsi 

ME Bridgman [4J 


RT 

112 

3-6±0-25 


1-6 


Swenson 16 ' 


RT 

109 1 

3-06 


1-36 


ME Keeler 1141 


19 5 

112 7 





Nash & Smith' 241 


300 

117 





Jain 1251 


298 

1I6 1 " 1 





Slotwinski & 








Trivisonno* 2 ” 1 

Sodium 

RT 

62 ± 1 

3-5 ±1 


1 59 

l-3l'« 

ME This work 


RT 

61-31 ±005 

3-69±004 

-00]9± 0 006 

1 68 

M7" al 

MME This work 


RT 

66-9 

3-4 


1 55 


ME Bridgman' 41 


RT 

69-4 

2-920 

0-031 

1 29 


MME Bridgman' 41 


RT 

63 ±2 

3-95±0-02 


1 -80 


Monfort & 








Swenson" 1 


RT 

62-24 

3-302 


1 48 


ME Keeler 1141 


RT 

60-6 

3-62 

-0-017 

1 64 


MME Keeler 1141 


299 ± 1 

61 -S 1 " 1 

3-59 


1 62 


Daniels' 01 


299 

64 0"" 

3-79 


1 73 


Martinson 1101 


273-2 

64-54 ± 0 008 

3 72 ±0-02 


1 69 


ME Ho &Ruoff' I8] 


273-2 

64-65 ±0-012 

3-63 ±0-07 

0 22±0 17 

1 64 


MME Ho & Ruoff' 181 


194 5 

69-82 ±0-006 

3-75 ± 0-01 


1 70 


ME Ho & Ruoff rifll 


194-5 

69-68 ±0-003 

3-89±0-02 

-0-37 ±0-05 

1-77 


MME Ho Si Ruoff 1181 

Potassium 

RT 

34-0 ±0-1 

2-99 ±0-05 


1 33 

1 -34 ldl 

ME This work 


RT 

31 -2±0-2 

3-65 ±0-09 

-0 039 ± 0 006 

1-66 

1-23 1131 

MME This wofk 


RT 

33-25 

3-43 


I *55 


ME Bridgman 141 


RT 

31-16 

3-92 

-0-028 

1 79 


MME Bridgman' 41 


RT 

30-0 ± 1-0 

3 85±0 2 


1-75 


Monfort & 








Swenson' 81 


RT 

33-90 

2-75 


1 21 


ME Keeler* 141 


RT 

29-70 

3-68 

-0-052 

1-67 


MME Keeler 1141 


295 

30-87 

3-98 


1 82 


Smith & Smith' 111 

Rubidium 

RT 

26-6±0-2 

3-23±0-02 


1 45 

1 ■80 idl 

ME This work 


RT 

26-0 ±0-1 

3-37±0*06 

-0-009 ±0-005 

1-52 

1 -06 l,3) 

MME This work 


RT 

30-4 

3-29 


] -48 

1 • IT* 1 

ME Bridgman' 41 


RT 

311 

3 12 

0-011 

1-39 


MME Bridgman' 4 ' 


RT 

22-7 

2-90 


1-27 


ME Keeler* 141 


RT 

21-0 

3-34 

-0-026 

1-50 


MME Keeled 141 


195 

26-3 

3 79 


1-72 


Pauer" 21 


170 

26-5 





Gutman & 








Trivisonno' 271 


'"’Calculated from extrapolation of the low temperature elastic constant data 
fb 1 Using = I-075. 

""Calculatedfrom y SL = 0*5 33). 

fd, See Gschneidner(Ref. [23]). 

'"'Calculated with B T - 26-0 kbar from our experimental data, instead of B s * 21 -4 kbar used by Rice. 
This paper makes correction to the B T , B' r values earlier published by Beecroft and Swenson' 7 '. 
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ranging from 25*6 to 27*7 kbar determined 
from our 45 kbar piston-cylinder measure¬ 
ments. 

Ultrasonic data 

The bulk modulus and its pressure deriva¬ 
tives can also be determined from ultrasonic 
velocities. These have been determined by Ho 
and Ruoff[18] who analyzed Martinson’s 
data on sodium [10]. However, the standard 
deviation in the values of Bj> estimated by Ho 
and Ruoff (Table 6 of Ref. [18]) from measure¬ 
ments at 273*2°K and 77*4°K are so large that 
even the sign of Bj cannot be determined with 
certainty. The data for 194*5°K is much more 
extensive than the rest and the sign of B't 
is unquestionably negative [22]. A negative 
sign of Br is also suggested by the results 
from our experiments on sodium (Table 2). 
The values of B? for potassium and rubidium 
are also finite and negative, but an indepen¬ 
dent confirmation of this result from ultrasonic 
work is not yet available. 

Gruneisen constant 

The thermal Gruneisen gamma is defined 
by means of the thermodynamic identity 

V.a.B, V.a.B T 

7 th =- p - 1 =- p -- 

vjj Lj/ 


where a = (llV)(dVldT) p , B s =-~V(dPldV) Si 
B T = — V(dP/dV) T and C p and C v are the 
specific heats at constant pressure and at 
constant volume respectively. The Gruneisen 
gamma can also be evaluated from the 
relationship 

Tcaic = 0*5 (flr“ 0*33) 

which is analogous to the Slater relation. 
Intercomparison of y th and y calc values in 
Table 9 shows that disparities among these 
values are similar to those previously noted 
by Gilvarry [17]. 

The volume dependence of y can be ob¬ 
tained from equation (3) using experimental 
values of Va s B T and C v at various pressures. 
A unique variation of y with volume can also 
be derived from intercomparison of the static 
and shock measurements. Unfortunately, 
however, the static and shock measurements 
were not made over the same pressure inter¬ 
val. Hence in the absence of shock data, the 
Hugoniot must be extrapolated into the low 
pressure region and serious errors may 
result. The accuracy of shock data on lithium 
is not adequate for this calculation. The 
Hugoniot of rubidium is also unsuitable 
because of the peculiarities which may be due 
to the presence of electronic transitions similar 


Table 10. Coefficients of equation \AVIV 0 \ = aP + bP 2 + cP 3 +JP 4 + eP 5 + // >5 , P in 

units of kbar 


Element Data source 

a x 10 2 

-bx 10 3 

cx 10« 

-dx 10 7 

ex 10" 

-/x 10 9 

Standard 
Deviation 
x 10 3 

Lithium This work 

0-80037 

0*10097 

0*67510 




096 

Bridgman, 1948 

0-86920 

0 16962 

3*4359 

0-34965 



040 

Keeler, 1969 

0-89547 

0*12795 

0-99767 




0*41 

Sodium This work 

1 -6240 

0-54770 

15*663 

2*6677 

0-19046 


070 

Bridgman, 1948 

1-4170 

0-34067 

5 7415 

0-43823 



0-07 

Keller, 1969 

1 5694 

0-42090 

7*5423 

0*56643 



0 21 

Potassium This work 

2-9713 

1-4404 

48-263 

8-5874 

0-60664 


1 14 

Bridgman, 1948 

2-7628 

1-0789 

23*576 

1*9814 



3-67 

Keeler. 1969 

3-0409 

1*4688 

49*952 

9-1636 

0*67282 


0-78 

Rubidium This work 

3*6976 

2-3517 

111 32 

31*837 

4*8389 

0-29875 

1 36 

Bridgman, 1948 

3*3580 

2*1886 

112*06 

34*692 

5*6595 

0-37333 

0-57 

Keeler, 1969 

4-4335 

3*0441 

148-10 

42-608 

6-4559 

039556 

073 
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to those encountered in cesium. The volume 
dependence of y has been estimated for 
sodium and potassium using the static and 
Hugoniot data. However, the details of these 
calculations will be presented elsewhere. 
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IONIC CONDUCTIVITY AND LOW FREQUENCY 
DISPERSION IN HEXAGONAL SILVER IODIDE* 

G. COCHRANEt and N. H. FLETCHER 
Department of Physics, University of New England, Armidale, N.S.W. Australia 

(Received 29 September 1969; in revised form 6 April 1971) 

Abstract-Measurements are reported for the temperature variation of ionic conductivity in single 
crystals of hexagonal silver iodide. Both nominally pure and Cu*+ doped crystals were studied and 
analysis of the measurements for conduction both parallel and normal to the c-axis leads to a formation 
energy for Frenkel defects of 0-60 eV, activation energies for diffusion of Ag + interstitials parallel 
and normal to the oaxis of 0-61 and 0*29 eV respectively and corresponding activation energies for 
Ag + vacancies of 0*50 and 0*39eV. Similar measurements performed on thin films of Agl grown 
expitaxially on mica show varying behaviour but the activation energy for conduction is about 0*4 
eV, which agrees with the value expected from the single-crystal results if the conductivity is vacancy 
controlled. 

Dielectric measurements in the frequency range 10-10 5 Hz at temperatures between 193 and 
340°K show anomalous dispersion peaks at about 10 4 Hz for temperatures above 300°K which are 
tentatively interpreted in terms of trapped Frenkel defects and interfacial polarization. At temperatures 
below about 290°JK a series of sharp resonant absorptions is observed whose origin is uncertain. The 
static dielectric constant approaches the value 6*8 ±0*2 at temperatures below —40°C. 


1. INTRODUCTION 

The electrical and optical properties of the 
silver halides have received considerable 
attention over the past few decades; much 
of this interest has, however, been centred 
around silver chloride and silver bromide, a 
circumstance which can be attributed to the 
obvious commercial application and relative 
ease qf obtaining large, pure, single crystals 
of these materials. A recent literature survey 
[1] revealed only one publication dealing with 
measurements of the electrical properties and 
none dealing with the optical properties of 
single crystals of Agl. It is proposed to 
present in this and following papers the results 
of a preliminary investigation on the optical 
and electrical properties of thin layers and 
single crystals of hexagonal silver iodide. 

At atmospheric pressure silver iodide has 
been reported as trimorphic[2,3,4] with 
three further polymorphs appearing at ele- 

* Based on a thesis submitted by G. Cochrane for the 
Ph.D. degree of the University of New England. 

tPresent Address: Royal Military College, Duntroon, 
A.C.T., Australia. 


vated pressures[5]. Of those occurring at 
atmospheric pressure, two modifications 
coexist below a first order phase transition 
at about 147°C, namely a cubic sphalerite- 
type structure, designated yAgl, and a hexa¬ 
gonal wurtzite-type structure designated 
£AgI. The stability regions of the y and /3 
modifications have created considerable 
controversy. 

Some authors[3] give yAgl as the stable 
phase at room temperature and /9AgI as only 
metastable, while other authors [2,4] give the 
reverse. M^jumdar and Roy [6] doubt if 
yAgl even exists. It is generally agreed 
from X-ray diffraction studies that nearly all 
powder specimens of Agl at room tempera¬ 
ture and atmospheric pressure consist of a 
mixture of the cubic and hexagonal phases 
in varying proportions depending on the 
method of preparation [7]. The original 
conjecture that 0AgI is only metastable below 
135°C was put forward by Bloch and Moller 
[3] in 1931 and this has since been quoted 
(but apparently not verified) by several 
authors. The results of Burley[2] and of 
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Schneer and Whiting [4] show that yAgl 
undergoes a transformation to /JAgI at tem¬ 
peratures as low as 90°C, while the reverse 
transition cannot be brought about below 
147°C by thermal equilibration. An analysis 
of the experimental evidence suggests 
that the conclusions drawn by Bloch and 
Moller[3] are incorrect. 

Unless special precautions are taken, the 
usual methods adopted for preparing Agl 
specimens suffer from several disadvantages 
which are often overlooked. These can be 
summarized as follows. 

Powder compacts 

The method of preparation is adequately 
covered in papers by Corrin and Storm [8] 
and by Jost and Oel[9]. A precaution which 
must be observed to maintain stoichiometry 
is the prevention of photolysis and consequent 
loss of iodine. Another disadvantage of pow¬ 
der compacts is that, if the compaction pres¬ 
sure exceeds about 100 bar, then, according to 
Burley [2], the final specimen will be predomi¬ 
nantly yAgl, irrespective of the original 
proportions of/3AgI and yAgl. 

Solidification from the melt 
Burley [2] observed that specimens ob¬ 
tained by quenching from the melt showed 
a predominance of the sphalerite structure, 
while those cooled slowly had the wurtzite 
structure. A difficulty always present when 
working with the melt is its tendency to de¬ 
compose giving metallic silver and elemental 
iodine, again resulting in non-stoichiometric 
specimens. 

Thin films 

Layers deposited on a substrate have been 
used almost exclusively for optical work. 

A summary of thin film preparation is given 
else where [1,10]. The major difficulty is to 
prepare stoichiometric layers of a predeter¬ 
mined phase type. 


N. H. FLETCHER 
Single crystals 

To facilitate the interpretation of results 
it is usually desirable to work with specimens 
cut from single crystals. Recently, several 
methods have been described for growing 
single crystals of 0AgI large enough to permit 
the undertaking of electrical and optical 
experiments. Two of the methods rely 
on slow diffusive dilution of either a saturated 
AgI-KI[ll] solution or a AgI-HI[12] 
solution, while a third [13] method relies on 
convective circulation of a Agl-KI solution 
between two chambers held at different tem¬ 
peratures. In addition to the above a silica 
gel method has been described by Halberstadt 
[14]. 

2. IONIC CONDUCTIVITY MEASUREMENTS 
The general theory of the electrical conduc¬ 
tivity of ionic crystals, formulated in terms of 
the motion of Frenkel or Schottky defects, 
is well established[15]. In the case of pure 
/3 Agl the conductivity mechanism is generally 
agreed to involve the motion of Frenkel 
defects, while transport measurements [16] 
have established that only the Ag + ions 
contribute appreciably to the electric current, 
both I" and electronic currents being neglig¬ 
ible. Thus interstitial silver ions and their 
associated vacant lattice sites are primarily 
responsible for the conductivity. 

Following an analysis given by Lidiard[15], 
the ionic conductivity results are presented by 
plotting In (oT) in terms of T~\ In general 
the graph consists of two approximately linear 
segments. The upper segment extends from 
the melting point, or the highest temperature 
of stability of the solid phase of interest, to 
some lower temperature which is deter¬ 
mined by the purity and perfection of the 
crystal. Normally, this region is an intrinsic 
property of the substance and measure¬ 
ments are quite reproducible. The low 
temperature conductivity, known as the 
extrinsic or structure sensitivity region, 
always displays a smaller slope. The magni- 
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tude of the conductivity in this region depends 
principally on the nature and magnitude of the 
impurity content and the thermal history of 
the specimen. 

The complete ionic conductivity curve is 
therefore roughly a superposition of two lines, 
represented by 

( tT = A l exp(-EilkT) 

for the high temperature or intrinsic region 
and 

crT = A 2 ex p (— EJkT) 

for the low temperature or extrinsic region. 

In the high-temperature regime the Frenkel 
defects are generated intrinsically with a 
formation energy W and the activation 
energy for conductivity can be written 

Ei — iW + U 

where U is the activation energy for diffusion 
of an interstitial ion or of a vacancy, which¬ 
ever is more mobile. In the low temperature 
regime the interstitial ions or vacancies are 
provided by the impurities and imperfections 
in the crystal, so that their concentration does 
not depend upon temperature and we can 
write 

E 2 = U. 

It is thus generally necessary to make 
measurements on crystals containing enough 
impurity that both linear regions can be 
adequately measured if we wish to determine 
both W and U. Alternatively, information 
about U can be obtained from self-diffusion 
studies using radioactive tracers [15], while 
an estimate of W can be made from specific 
heat measurements[17]. 

2.1 Experimental 

Single crystal specimens were grown from 
a HI-AgI solution as described by Lakatas 
and Lieser[12] or alternatively from a KI-AgI 


solution as described by Cochrane[l 1]. 
Spectrochemical analysis showed die only 
detectable impurities to be traces of potassium 
and sodium, while a flame photometer test 
set the potassium impurity at about 20 ppm 
for crystals grown from KI-AgI solution. 
However, no differences were observed in the 
ionic behaviour of crystals obtained by die 
two methods. Plate-like specimens 0-27 to 
0-88 mm thick were prepared by cleaving 
single crystals perpendicular to the c-axis with 
a razor blade. A specimen then had three 
electrodes applied to the freshly cleaved 
faces by evaporating silver through suitable 
masks. The lower specimen surface was 
completely coated to form one electrode while 
the upper surface had a central electrode, 
0 088 cm in dia., concentrically surrounded 
by a guard electrode. An alternative arrange¬ 
ment, which gave identical results, was to 
use longer sections (1-0 to 4-0 mm) of prism¬ 
shaped crystals with each end face completely 
coated to form an electrode. For these 
specimens, in addition to silver, colloidal 
graphite (Aquadag) was also used as an 
electrode material. Since unwanted strains 
can readily be introduced into Agl specimens, 
no attempt was made to grind or alter the 
shape of the hexagonal cross-section. The 
samples were mounted in specimen holders 
fitted with beryllium copper contacts adjusted 
for the minimum contact pressure necessary 
to give noise-free behaviour. 

For thin-fllm measurements, layers of 
jSAgl were prepared by condensing silver 
on a mica substrate, held at room temperature 
in the presence of an iodine atmosphere. 
Electron diffraction studies [10] have shown 
that the films used were well oriented with the 
stacking direction normal to the substrate. 
Electrical contact to the film was made 
through silver or colloidal graphite electrodes 
deposited on the mica surface prior to the 
commencement of evaporation. The thickness 
of the films was measured by an optical 
interference method similar to that described 
by Tolansky[18]. 
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All conductivity measurements were made 
under vacuum conditions with a pressure of 
about 10“* torn The specimen temperature 
was measured with a copper-constantan 
thermocouple clamped adjacent to and in a 
similar manner to the specimen. The specimen 
temperature was controlled to±0T°C but 
quoted absolute temperatures are only 
accurate to ± 2°C. 

All the conductivity measurements were 
made using a simple or a guarded two- 
electrode system as described and used either 
direct current or a low frequency (0 5 to 5 Hz) 
square wave. When using direct currents 
there was some evidence of the growth of 
silver dendrites from the electrodes, particu¬ 
larly for thin-film specimens at elevated tem¬ 
peratures, however, this was minimized by the 
use of very small currents (10~ 8 to 10" 12 A) 
and by the limitation of measurement times 
to the minimum required to achieve stability. 

2.2 Results 

Initially current-voltage measurements 
were made on the longer sections of prismatic 
crystals to verify that the electrodes were 
truly ohmic. A typical set of room tempera¬ 
ture results for a crystal with a pair of Aqua- 
dag electrodes is shown in Fig. 1. The initial 
curve, 1, was only obtained for a specimen 
which had not previously had a voltage 
applied across it. After measurements had 
been made at higher voltages, curve 1 could 
not be reproduced and the measurements 
followed curve 2 which was completely 
reproducible. 

For temperatures above 260°K and below 
the 420°K transition point, silver electrodes 
were found to be completely ohmic in 
behaviour. Below 260°K silver electrodes 
exhibited ohmic behaviour only when the 
measuring voltage exceeded about one volt, 
below this current readings were very erratic. 
With thin-film specimens both silver and 
Aq&adag electrodes exhibited ohmic be¬ 
haviour. 

Temperature dependence of the ionic 



Fig. 1. Typical room temperature current-voltage charac¬ 
teristics for a single crystal specimen with colloidal 
graphite (Aquadag) electrodes. See text for explanation 
of curve 1 and curve 2. 

conductivity for over 30 single crystal 
specimens was measured for a current flow 
in the direction of the c-axis. The results are 
summarized in Fig. 2(a). 

In order to resolve the activation energy 
E into the two components U and W , at¬ 
tempts were made to grow crystals containing 
impurity cations. The required impurity in the 
form of the iodide was added to the KI-AgI 
growing solution. With the exception of Cu 2+ 
ions, subsequent analysis either by X-ray flu¬ 
orescence or atomic absorption failed to de¬ 
tect any traces of impurity. Atomic absorption 
measurements set the copper impurity at 
0-5 ± 0-1 per cent by weight, although not all 
of this copper may be present as Cu 2+ . 
Visibly the copper-doped crystals did not 
appear any different from pure jSAgl; however, 
when attempts were made to cleave a prism¬ 
shaped crystal, it was noticeably more 
brittle and failed to cleave cleanly. Only one 
specimen containing Cu 2+ ions proved 
sufficiently large for testing, the results for 
this specimen with a current flow in the 
c-axis direction are shown in Fig. 2(a). 

Figure 3 shows the variation of ionic 
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T#mp«raTur«, *K 



Fig. 2(a), Temperature dependence of the ionic conduc¬ 
tivity of single crystals of £AgI with current flow parallel 
to the c-axis. (1) pure crystal with graphite electrodes; 
(2) pure crystal with silver electrodes and (3) crystal 
containing about 1/2 per cent by weight of Cu 2+ . 

conductivity with temperature for a represen¬ 
tative selection from over 40 thin-film 
specimens tested, ranging in thickness from 
100 to 5000 A. Apart from the measurement 
of film thickness, other experimental details 
were similar to those described for single¬ 
crystal specimens. 

2.3 Discussion of ionic conductivity results 
Measurements of the type reported show 
that metallic silver provides a good ohmic 


T#mp«rotur*, *K 



Fig. 2(b). Temperature dependence of the ionic conduc¬ 
tivity of single crystals of /JAgI with graphite electrodes 
and current flow perpendicular to the c-axis. 

contact to jSAgl at temperatures above 
260°K. Colloidal graphite electrodes are 
initially non-ohmic but achieve ohmic 
behaviour after passage of an alternating 
current for a time at a reasonably high 
applied potential. Prolonged application of an 
alternating potential leads to growth of silver 
dendrites from both carbon electrodes; thus 
it is reasonable to assume that the condition¬ 
ing process involves electrolytic build-up 
of silver so that the system becomes effec¬ 
tively |graphite |Ag|AgI|Ag| graphite|. With 
both electrode systems, then, we make 
the reasonable assumption that contact 
potential differences are negligible compared 
with 10V, the order of the potentials used in 
the measurements. 
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T*mp«ronir«, *K 



Fig. 3. Temperature dependence of ionic conductivity 
for a typical selection of Agl layers deposited on 
mica. Layer thickness (1) 1800 A; (2) 4300 A; (3) 100 A; 

(4) represents an activation energy of 0-4 eV. 

The ionic conductivity results in Fig. 2(a) 
illustrate that both nominally pure and copper 
doped single crystals with graphite electrodes 
display two distinct linear regions of similar 
slope. On the other hand, while nominally 
pure single crystals with silver electrodes 
have the same high temperature characteris¬ 
tics, the low temperature region is markedly 
different. Since all specimens tested with the 
current flowing parallel to the c-axis showed 
the same elevated temperature characteristics 
it seems reasonable to identify this portion of 
the curves as the intrinsic or structure 
insensitive region. 

It is proposed that the low temperature 
regime for nominally pure crystals with graph¬ 
ite electrodes can be associated with the 
motion of excess Ag + vacancies. The addi¬ 


tional Ag + vacancies are presumably genera¬ 
ted when Ag + ions are electrolytically 
deposited during the electrode conditioning 
process. 

The above proposal is supported by the 
low temperature results for a crystal doped 
with Cu 2+ ions, where nominally the addition 
of each Cu 2 * ion creates one Ag + vacancy. 
Normally little significance could be placed 
on the results from a single specimen; how¬ 
ever, in the present context where the results 
for the copper doped crystal are only used in 
support of the other data the authors feel this 
isjustified. 

The results for nominally pure specimens 
with silver electrodes can be reconciled by 
attributing the low temperature regime to an 
increase in the interstitial Ag + ion concentra¬ 
tion. The slight non-stoichiometry is assumed 
to be created by diffusion of silver from the 
electrodes. 

In the intrinsic region and, 

since two possible values of U are available 
from E 2 1 and E 22 , two possible W values can 
be derived on the alternative assumptions 
that it is interstitials or vacancies which are 
the dominant carriers in the intrinsic region 
and c-axis direction. The former assumption 
gives the unlikely low value of 0-34 eV for 
W and we therefore accept the latter view and 
the W value of 0*60 eV, which is in better 
agreement with the other determinations 
shown in Table 2. 

Figure 2(b) shows results for nominally 
pure crystals with aquadag electrodes and 
current flow normal to the c-axis. The use of 
aquadag electrodes implies that the low 
temperature region is associated with the 
motion of Ag + vacancies. Unfortunately we 
have no measurements on Cu 2+ doped crystals 
in the a direction to yield direct confirmation 
of these assumptions. In the intrinsic region 
E t a = blV+ U and, since the value of W is 
independent of the current direction, U may 
be determined from Ej a . However, the value 
of U calculated this way is considerably less 
than the value determined from the extrinsic 
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region (where £ 2 ° = U ), consequently 
conductivity in the intrinsic region must be 
associated with the motion of interstitial 
Ag + ions. 

Accepting these interpretations and using 
the experimentally determined activation 
energies shown in Table 1, where superscript 
c refers to measurements in the c-axis 
direction and a to measurements normal to 
this direction, we derive the conclusions set 
out in the first line of Table 2. Here subscript 
+ and — refer to Ag + interstitials and Ag + 
vacancies respectively. 

Also shown in Table 2 are such values of 
these fundamental activation energies as can 
be derived from other work. Since these 
measurements were all on polycrystalline 
samples, some of the interpretations are 
uncertain and all have been derived in a van- 
ety of ways. The values of U c and U a ascribed 
to Jordan and Pochon[19], for example, are 
actually activation energies for diffusion of 
silver in hexagonal /9AgI and cubic yAgl 
measured by a radioactive tracer technique. 
Lieser’s value of W came from calorimetric 
measurements. 

Table 1. Experimentally determined activation 
energies (all in e V ) 

E\ (all crystals) 0-79 ±0 02 

El (Cu !lf doped) 0-49 ± 0-02 

£J, (‘pure crystals', graphite electrodes) 0-50 ± 0 03 

E Jj (‘pure crystals’, silver electrodes) 0-62 ± 0-02 

£° (‘pure crystals’) 0*59 ± 002 

£® (‘pure crystals’ graphite electrodes) 0*39±0 02 


where values are shown spread between two 
or more columns, it is not clear from the 
nature of the experiment to which column 
they should be assigned, though the numerical 
result itself sometimes makes this obvious. 
The value of U given by Lieser[21] does not 
represent a direct measurement, but relies 
upon the assumption that his measured E 
is in fact E x . 

The only other reported measurements on 
single crystals of jSAgl are those of Lakatos 
and Lieser[12] who found, for both axial 
directions, not two exponential conductivity 
segments but rather a continuously changing 
activation energy which increased with 
increasing temperature. The reason for this 
behaviour is not apparent. 

It is noteworthy that the activation ener¬ 
gies U ± c for diffusion in the c-axis direction 
are considerably greater than those for diffu¬ 
sion normal to this direction, U ± a . It is easy 
to interpret this qualitatively since the wurt- 
zite structure may be thought of in terms of 
alternating layers of positive and negative 
ions, each layer lying normal to the c-axis. 

The present study indicates that for intrin¬ 
sic material the conductivity can be attributed 
to the motion of silver ion vacancies in the 
c-axis direction and silver ion interstitials 
normal to this direction. It is not possible to 
conclude from these measurements alone if 
an interstitialcy type mechanism should be 
invoked, similar to that used to explain 
intrinsic conductivity in the other silver 
halides [15,24]. The intrinsic conductivity 


Table 2. Fundamental activation energies for /3Agl (all in eV) 



E i £2 

W 

UJ U + c V. a U+ a 

Derivation 



El E' £° El-\W 

This study 

see Table 1 

0*60 

0-50 0-62 0-39 0-29 

Jordan & Pochon[19] 



hex. 0*62 cub. 0*38 

Murin[20] 

0-86 0*38 

0*96 

...0-38- 

Lieser[2l,22] 

—4M9— 

0*70 

—0 14-. 

Takahashi etal. [23] 
Lakatos & Lieser[12] 

c:0*5 to 1*0 


—0*41.0-30- 


a: 0*3 to 1*1 
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parallel and normal to the c-axis direction 
can be summarized by the following equations, 
(a measured in Sl~ l cm -1 and kT in eV) 

on = 88 x 10® exp (-0-79 lk,T) 

<t x = 5-7 x 10*exp(— 0-59/fcT). 

Turning now to thin films, we find a variety 
of conductivity characteristics, a representa¬ 
tive selection of which are shown in Fig. 3. 
Electron diffraction studies [1,10] have shown 
that the films used are well oriented with the 
stacking direction normal to the substrate, so 
that it is relevant to compare the results with 
those for single crystals measured in the 
a-direction. Because of the large surface-to- 
volume ratio of thin films, it is reasonable to 
expect extrinsic behaviour and, indeed, the 
slope of the plots is quite close to the value 
U- a = 0-39 eV expected from the single 
crystal results, if the majority carriers are 
silver ion vacancies rather than excess silver 
ions. There is little to be gained at present by 
any more detailed discussion of the curves. 
It is relevant to note, however, that the thin- 
film results show several points of similarity 
with those obtained on powder compacts 
[20,25], which is, of course, expected because 
of the large surface-to-volume ratio in each 
case. 

3. LOW-FREQUENCY DISPERSION 
3.1 Experimental 

Specimens approximately 015 cm long 
were cut from hexagonal prism-shaped 
single crystals grown from Kl-AgI solution. 
Some specimens were mounted directly 
between two brass electrodes, while others 
first had Aquadag electrodes applied. Edge 
effects were reduced by arranging for the 
specimen to be smaller in diameter than 
the electrodes by at least twice its thickness. 
All of the six specimens tested over part or 
all of the temperature (—80 to +65°C) and 
frequency (20 Hz to 100 kHz) ranges, had the 
electric field applied parallel to the c-axis. 
Capacitance and loss measurements were 


made with a General Radio 1620A Capaci¬ 
tance Measuring Assembly which allowed 
accurate determination both of the real part 
e' of the dielectric constant and of the loss 
factor tan 6. The amplitude of the alternating 
voltage applied across the specimen was 
20 V peak-to-peak for all frequencies. 
Before testing specimens of /3AgI, the as¬ 
sembly was checked over the complete 
temperature and frequency range using a 
specimen of polytetrafluoroethylene for which 
the dielectric properties are well known. 

Measurement of the real part e' of the 
dielectric constant is estimated to be correct 
to better than ±2 per cent for e' < 20. At 
low frequencies (< 1 kHz) and large values 
of e' (> 500) the accuracy decreases to 
± 10 per cent. 

3.2 Results and discussion 

Typical plots of tan 8 against frequency are 
shown in Fig. 4 and corresponding plots for 



Fig. 4. Variation of the loss tangent with frequency in 
0AgI. 
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Fig. 5. Variation of the apparent dielectric constant c' 
of /3Agl with frequency. 

€' in Fig. 5. When a specimen was held at a 
constant temperature above about 50°C, 
values of tan 5 and e' increased with time. 
The effect became more pronounced as the 
temperature increased until, at about 90°C, 
it was impossible to balance the bridge. On 
cooling the specimen to room temperature, 
the original values of tan 6 and e' were again 
obtained. 

From Figs. 6 and 7 it is clear that the static 
dielectric constant at low temperatures, when 
space-charge effects are absent, has a value 
in the range 6 to 8, the precise result at 
— 60°C being 6*8 ±0-2. This result agrees 
well with the value 7 0 ±0-3 reported by 
Bottger and Geddes[26] from measurements 
on powdered samples at 27°C in the frequency 
range 10 6 to 10 7 Hz but differs markedly from 
the results of Sathe et al. [27] who give a value 
of 33*86 from measurements on powder 
samples under unspecified conditions. 
Presumably in this latter case space charge 
effects were present. 

The most reasonable interpretation of the 



Fig. 6. Temperature dependence of the loss angle in 
0AgI derived from the results given in Fig. 4. 

behaviour shown in Figs. 6 and 7 is that, at 
low frequencies and high temperatures, ionic 
migration takes place and increases the 
measured dielectric constant e' by the creation 
of space-charge layers at the electrodes. 

Another interesting feature of the curves 
shown in Fig. 4 is the loss peak shown in the 
frequency range 1 O'*— 10 s Hz for temperatures 
above about 37°C. This is a rather broad peak 
which shifts steadily to higher frequencies as 
the temperature is raised, in the same way as 
does a simple Debye relaxation peak. A 
second somewhat similar peak appears in the 
frequency range 10 3 — 10 4 Hz for temperatures 
above about 50 6 C. 

There seem to be three possible mechanisms 
which may be invoked to explain the observed 
relaxation spectra: 

(i) Aliovalent impurities 
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(ii) Interfacial polarization 

(iii) Reorientation of Frenkel defects. 

Restricting our attention, for the moment, to 
the peak of higher frequency, we find that its 
shift with frequency implies an activation 
energy of 0-84±0*05 eV. The magnitude of 
the peak above the interpolated base line 
provided by the conductivity losses increases 
with increasing temperature, which implies 
that the concentration of dipoles causing the 
relaxation also increases with temperature. 
At 55°C the value of tan 6 max due to this loss 
mechanism is about 1 at a frequency of 50 
kHz which, using the usual Debye treatment 
[28] as an approximation, implies a concen¬ 
tration n of contributing dipoles, each of 
moment fx, such that n/n 2 ~ 10 -32 C 2 nr 1 . 
For a typical ionic dipole having a length of 



the order of a lattice spacing, this leads to a 
dipole moment \x ~ 10~ 28 C m, which 
implies a dipole density n ~ 10 24 m“ 3 , com¬ 
pared with the total ion density ~ 10 28 m“ 3 
in AgL This concentration of dipoles is about 
two orders of magnitude greater than any 
expected aliovalent impurity ion and about 
an order of magnitude greater than the 
measured potassium impurity. 

Consider now the second possibility, 
interfaciai polarization. Effects of this type 
have been observed in NaCl by Wimmer and 
Tallan[29] and by Kessler and Moriani[30], 
while similar effects have been observed in 
AgBr and explained theoretically by Friauf 
[31]. The present results for the loss peak of 
higher frequency show a marked similarity 
to the relaxation spectra of NaCl given by 
Wimmer and Tallan. In addition the activation 
energy of 0*84 eV, characteristic of ionic 
conduction in the region, suggests this peak 
is most probably caused by blocking at the 
electrodes. There is, however, still the prob¬ 
lem of the second peak which it is difficult 
to explain by this argument. 

The third possibility would involve the 
reorientation of vacancy pairs, which as 
pointed out by Greenwood! 16] should involve 
two relaxation peaks in the case of Frenkel 
defects (i) normal lattice ion moving into a 
vacancy (ii) interstitial ion moving into a 
vacancy. At 55°C the apparent concentration 
of dipoles is of the same order of magnitude 
as the concentration of Frenkel defects, as 
calculated from the value of W given in Table 
2. The occurrence of the second peak with an 
activation energy of 0*63 =t 0*03 eV tends to 
support this picture. There are, however, 
difficulties associated with such an interpreta¬ 
tion. The activation energy involved in the 
relaxation should be that associated with the 
diffusion process alone which, from Table 2 
is 050 eV for vacancies and 0*62 eV for 
interstitials, the c-axis direction being the 
relevant one in the present context. Neither 
of these energies is very close to the measured 
0*84 eV for the higher frequency peak. 
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although the lower frequency peak (0-63 
eV) could well be associated with the motion 
of interstitial silver ions. 

Finally we note the very sharp absorption 
peaks shown at low temperatures in Fig. 4. 
The corresponding behaviour of in this 
range, as shown in Fig. 5, suggests that some 
sort of resonance phenomenon is being ob¬ 
served. To ensure that these peaks were not 
spurious, it was checked that they were not 
present when the specimen was replaced by a 
similarly sized block of NaCl, Calcite, 
Polythene or Teflon, their absence in these 
cases confirming them to be a genuine 
property of Agl. 

Since the crystal structure of £AgI lacks 
a centre of symmetry, the natural interpreta¬ 
tion is that these peaks arise from some 
piezoelectric resonance phenomenon. This 
conclusion is reinforced by the failure to 
observe the peaks in a differently prepared 
crystal with the field normal to the c-axis 
direction. The expected resonance frequency 
for a crystal of the size used is, however, 
around 400 kHz rather than the 10 kHz 
observed. Tests with a different sample 
holder reduced the probability that we were 
observing an incidental resonance of the 
apparatus excited by the crystal, but the 
position is not yet clear. 
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Abstract—EPR and optical absorption spectra of Mn + center in NaCl are studied. EPR spectrum of 
Mn + at A-band frequency has a hyperfine coupling constant of A — (231 ± 1) x 10~ 4 cm M and an iso¬ 
tropic £-value of 1-9992 ± 0 0005. Fine structures caused by second order hyperfine interaction at 
A"-band frequency are analyzed by diagonalizing the matrix of the spin Hamiltonian which contains 
the Zeeman and the hyperfine terms. Shf structures are also observed for the magnetic field along 
(111). The temperature dependence of the hyperfine coupling constants of Mn 2+ , Mn + and Mn°-C 
is measured and explained by using theoretical formula based on the phonon-induced hyperfine 
coupling. It is concluded that the Mn + ion is located at the Na + site. An optical absoiption band at 
4-47 eV is ascribed to the transitions from the ground state 3d 5 4$( 7 S) to the excited states 3</*4p( 7 P) 
of the Mn + ion. Mn + ion are produced when the Mn° atom traps a positive hole or when the Mn H traps 
an electron. 


1. INTRODUCTION 

The nature of the electronic configuration 
of impurity centers in ionic crystals has 
received a great deal of attention[1-3] and 
many works on EPR and optical absorption 
studies have been made. Comparison between 
the EPR and optical studies is useful in under¬ 
standing the nature of the impurity center and 
has given much information for some para¬ 
magnetic centers, such as Cu°, Ag° and Tl° 
[4,5]. Such comparisons, however, can be 
made in a limited number of impurity centers 
since EPR measurements can be made only 
for the paramagnetic centers. 

Impurities in rare earth and iron groups 
may offer several kinds of centers for which 
both EPR and optical absorption techniques 
are employed. It is also interesting to note that 
the same impurity with several valencies can 
be paramagnetic in such a case, which makes 
it feasible to compare the states of an impurity 
with different valencies in a crystal. 


^Present Address: Department of Physics, University 
of North Carolina, Chapel HU1, N. C. 27514, U. S. A., 
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Recently, electron paramagnetic resonance 
studies on manganese with valencies other 
than divalent have been made[6-8]. Kasai 
has found sextets with a smaller hyperfine 
coupling constant and with a larger hyperfine 
coupling constant than that of divalent man¬ 
ganese in solid Argon matrix and ascribed 
them to an atomic and monovalent manganese 
centers [6]. Bettica et al. have found a few 
sextets with small A values in NaCl:Mn 2+ 
X-irradiated and bleached with F light at room 
temperature, and ascribed some of them to 
atomic manganese centers [7]. An EPR 
spectrum with A = 231 x 10 -4 cm -1 at K-band 
frequency has been found by the present 
authors, who ascribed it to Mn + center in the 
electron configuration of 3d 5 4 s( 7 S) from the 
analysis of the fine structure splittings at X - 
band frequency caused by second order 
hyperfine interaction [9]. Theoretical calcula¬ 
tion by Watson and Freeman[10) indicated 
that the hyperfine coupling constant of atomic 
manganese centers in the electron configura¬ 
tion of 3d 5 4 s 2 is smaller than that of Mn a+ , 
and that the hyperfine coupling constant of 
Mn* in the electron configuration of 3d $ 4s is 
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much larger than that of Mn 2+ : these results 
are consistent with the experimental observa¬ 
tion. The reason why such changes in the 
hyperfine coupling constant occur is as 
follows: The hyperfine field caused by the 
core polarization is cancelled by the contribu¬ 
tion of the 45 electrons in the case of Mn° and 
the net contribution of a 45 electron is much 
larger than that by core polarization in the 
case ofMn\ 

In the previous study [11] correlation of the 
optical absorption bands and the EPR spectra 
for Mn° has been studied and optical absorp¬ 
tion bands for Mn° associated with the transi¬ 
tions from 3d 5 4s 2 ( 6 S) to 3d 5 4s4p( 6 P) and 
3c/ s 455p( 6 / 5 ) are assigned. Five different atomic 
manganese centers are found and tentative 
models for them are suggested [11, 12]. These 
are the MnM at Na + site, Mn °-B at off-center 
displaced from Na + site, Mn°-C located at the 
interstitial site, Mn°-D located at the negative 
halogen site associated with a positive ion 
vacancy and Mn °-E at off-center displaced 
from the halogen lattice site along (100). 

In this paper, details of the analysis of the 
EPR spectrum of Mn + center and the optical 
studies are reported. It is concluded that the 
Mn + center is located at Na + lattice site and 
has an optical absorption band at 4*47 eV. 
Comparison of A values of manganese with 
various valencies are made, and the tempera¬ 
ture dependence of A values of Mn 2+ , Mn + 
and Mn°-C is explained with the theory of 
the phonon-induced hyperfine coupling. 

2. EXPERIMENTAL 

Specimens of NaCl doped with several con¬ 
centrations of Mn 2+ were prepared with the 
method described elsewhere [ 13]. The methods 
of X-irradiation and optical absorption 
measurements are the same as described in a 
previous paper[11], Optical bleaching was 
done with a diffraction type monochromator 
by using high pressure mercury lamp or 500 
W Xe lamp. EPR measurements were made 
with JES-3B and JES-ME spectrometer at 
both X - and X-band frequencies. To measure 


EPR at temperatures between liquid nitrogen 
and room temperature, the specimen was set 
in a special holder to which cold gaseous 
nitrogen was flown. 

3. EXPERIMENTAL RESULTS 
(a) EPR spectrum 

Figures 1(a) and 1(b) show the X-band and 
A'-band EPR spectra, respectively, of the 
specimen of NaCl: Mn 2+ X-irradiated at room 
temperature and then bleached with F-light 
at liquid nitrogen temperature. The direction 
of the magnetic field is along (100) and the 
manganese concentration of the specimen is 
about 0-01 mol %. The K-band spectrum 
consists of the sextets with A = 15*5 x 10 -4 
cm ~\A = 83-0 x 10“ 4 cnr 1 and ,4 = 231 x 10" 4 
cm" 1 . It is described already that these are 
associated with the Mn°-C (interstitial Mn°), 
Mn 2+ (spectrum IT) and Mn + , respectively 
[8,11 j. In the A-band spectrum, fine structures 
are observed instead of the sextet with A = 
231 x 10” 4 cm 1 that is observed at K-band 
frequency. The fine structures are nearly 
independent of the direction of the magnetic 
field. The lines in Fig. 1(b) indicate the 
expected position of the resonance lines of 
Mn + ion at the A r -band frequency for a para¬ 
magnetic ion with 7 S state and A = 231 x 10~ 4 
cm -1 . 

Figure 2 shows a part of the A'-band spec¬ 
trum obtained at liquid nitrogen temperature 
with the magnetic field along (111) direction. 
Superhyperfine (shf) structure is clearly 
resolved. As the angle is deviated from (111) 
direction, the shf structure becomes broad 
and disappears completely when the magnetic 
field is along (100) direction. The splitting at 
(111) direction is about 4*5 G. 

In the above experiments, the specimen is 
X-irradiated at room temperature and bleached 
with F-light at liquid nitrogen temperature to 
produce Mn + . It is also interesting to see 
whether Mn + is produced by X-irradiation at 
liquid nitrogen temperature. The spectrum 
III[14] of Mn 2+ remains after X-irradiation 
at liquid nitrogen temperature and Mn + may 
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Fig. 1(a). 



Fig, 1(b). 

Fig. 1. EPR spectra of Mn°, Mn + and Mn J+ centers in NaCl irradiated at 
room temperature and then bleached at liquid nitrogen temperature. 
Measurements were made at liquid nitrogen temperature with (a) K-band 
spectrometer and (b) Jf-band spectrometer. The sextets of Mn°, Mn + and 
Mn 2+ are indicated in the figure. In (b) the fine structures of the sextet 
associated with Mn + center are indicated with the lines whose height and 
the position of the magnetic field are the results of calculations discussed 

in the text. 
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Fig. 2. Superhyperfine structures of Mn + center at X band frequency obtained 
with the magnetic field along (111). 


not be identified in the EPR spectrum of a 
single crystal even if it is produced. Therefore 
powdered specimens of NaCl:Mn 2+ were 
used, in which the angular dependent fine 
structures for Mn 2+ are eliminated. No EPR 
spectrum associated with Mn + is observed 
after X-irradiation at liquid nitrogen tempera¬ 
ture. As the temperature is raised to — 120°C, 
however, EPR spectra for Mn + and Mn°-C 
are produced. Figure 3 shows the .Y-band EPR 
spectrum of the powdered specimen X-irradi- 
ated at liquid nitrogen temperature and 
warmed to — 80°C. It is clear that this spectrum 
is nearly the same as that shown in Fig. 1(b). 
Fine structures are more clearly resolved in 
this case than in the case of single crystal. 


When the measurement is made at X-band 
frequency, the sextet with/f = 231 x 10“ 4 cm" 1 
is observed. 

Figure 4 shows the temperature depend¬ 
ence of the hyperfine coupling constant of 
Mn + , Mn H and Mn°-C. The curves in the 
figure are the best fitting of the theoretical 
formula of the phonon-induced hyperfine 
coupling[15, 16], which is discussed in the 
next section. 

(b) Optical absorption bands 

Studies of the optical absorption bands are 
also made. In Fig. 5, curve (a) shows the 
absorption bands of NaCl: Mn 2+ X-irradiated 
at liquid nitrogen temperature for 1 min and 



Fig. 3. EPR spectrum of the powdered specimen of NaCl:Mn 2+ X-irradiated at liquid nitrogen 
temperature and annealed at — 80°C. Measurements were made at liquid nitrogen tempeibture. 
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Fig. 4. Temperature dependence of the hyperfine coupling 
constant of (a) Mn + , (b) Mn 2+ and (c) Mn°-C in NaCl. 
Curves in the figure are the best fittings of the theoretical 
formula of phonon-induced hyperfine field (see text). 


the curve (b) is obtained at liquid nitrogen 
temperature after subsequent annealing at 
—80°C. As described in the work on atomic 
manganese centers, the bands around 3-0 eV 
/are associated with the ®5-®P transitions in 
Mn°-fl center. As the temperature is raised, 
the bands associated with Mn°-B are annealed 
out and new bands at 4-47 and 6-2 eV are 
formed. The procedure to produce these 
optical absorption bands is the same as that 
to produce the EPR spectrum associated with 
Mn + in powdered specimen (Fig. 3). The 
transition energies [17] in the free ion of Mn + 
from the ground state 3c/ 5 4s( 7 S s ) to the excited 
states 3</®4p( 7 P 2 , 7 P 3 , 1 P i ) are also shown in 
the figure, which is discussed in the following 
section. 

Figure 6 shows the change in the optical 
absorption bands of the specimen X-irradiated 
at room temperature caused by bleaching with 
the F light at liquid nitrogen temperature. The 
band at 4-47 eV, as well as the band associated 


Wavelength, nm 


300 400 300 600 



Fig. 5. Optical absorption spectra of NaCl:Mn 2+ : (a) ^-irradiated 
at liquid nitrogen temperature; (b) annealed at -80°C. Both measure¬ 
ments were made at liquid nitrogen temperature. The lines in the 
figure indicate the transition energies in free Mn + from the ground 
state 3d b 4s{ 7 S) to the excited states 37 5 4p( 7 P), which is discussed 
in the text. The length of the lines indicates the Strength of the 
absorption according to the 7-sum file rule. 
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Photon energy, 

Fig. 6. Change in the optical absorption bands of 
NaCi:Mn J+ irradiated at room temperature by bleach¬ 
ing with the light in F band at liquid nitrogen temperature. 
The concentration of Mn 2+ is about 0 01 mol. % and the 
radiation does is such that F centers less than about 
5x JO' 6 cm~ 3 are produced. 

with Mn°-Cfll] are produced. In the same 
specimen the EPR spectrum for Mn + shown 
in Fig. 1 is produced. When the concentration 
is lower (0 002 mol. %) and the irradiation 
dose is large enough to cause the saturation 
in the first stage coloration [18], the band at 
4-47 eV is not formed and only the band 


associated with Mn*-C center is formed, it t5 
, noted that the EPR spectrum for Mn + is not 
produced by F-bleaching in this case. 

In Fig. 7 the curve (a) shows the optical 
absorption bands of NaCl: Mn !+ irradiated 
at room temperature and bleached with the F 
light at room temperature. An absorption 
band at 4-47 eV and a composite band at 

3- 7 eV* are formed. However, in the speci¬ 
mens with Mn* + of 0-002 mol. %, the band at 

4- 47 eV is not formed by the same treatment 
as shown by curve (b). The optical absorption 
band at 4-47 eV decreases as the temperature 
is raised around 160°C. 

4. DISCUSSION 

Three sextets are observed in NaCl. Mn 24 
irradiated at room temperature and bleached 
with F light at liquid nitrogen temperature. 
The sextet with A = 83-Ox 10 -4 cm -1 and with 
A = 15-5 x 10 -4 cm" 1 are associated with Mn 2+ 
(spectrum IT) and with Mn°-C (interstitial 


*The nature of this band is discussed in a separate 
paper. 



Fig. 7, Optical absorption bands of NaCl: Mn 2+ irradiated at room tempera¬ 
ture and then bleached with the F light at room temperature. Concentration 
of manganese is (a) 0 01 mol. % and (b) 0 0002 mol. %. The bands around 
3*0 and at 3*7 eV are due to Mn°-C and centers, respectively. 
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Mn°), respectively as described previously 
[11]. The sextet with A *■» 231 x 10 -4 cnr l 
measured at K-band frequency has been 
shown to be associated with Mn + [9]. 

The X band spectrum for Mn + shows fine 
structure, which may be analyzed as follows. 
The spin Hamiltonian for Mn + may be written 
as 

&=gpYLS+AS t I t + ^{SJ- + S-h), ( 1 ) 

where the notation has the usual meanings. 
The last term with shift operators, 5 ± / ± , 
produces non-zero off-diagonal matrix ele¬ 
ments. There is a zero field splitting arising 
from the hyperfine structure quantum number 
F = I + S, which ranges from 15 + /1 to 15 — /1. 
The hyperfine energies at zero field are 

/TSI - ^[F(F+ 1) —5(5+ 1) —/(/ + 1)]. (2) 

The (2F + l)-fold degeneracy of the energy 


level with quantum number F is lifted bytfae 
presence of the magnetic field. When the 11 
magnetic field is small the states are described 
with the quantum numbers |F, m F ). When 
the Zeeman term is much larger than the 
hyperfine term, the states can be described 
with | M, m). Perturbation theory may be 
applied to obtain energy levels in each extreme 
case. In the intermediate case, the matrix of 
the spin Hamiltonian (1) must be diagonalized 
directly to obtain the energy levels. Figure 8 
shows the obtained energy levels, Breit-Rabi 
levels [19] for 5 = 3 and / = 5/2 obtained by 
diagonalizing the Hamiltonian of equation (1) 
numerically. For convenience, the energy and 
the magnetic field are divided by A and (A/g(3), 
respectively. In the absence of the magnetic 
field, six energy levels with F— 11/2— 1/2 
are present. Each level splits into (2F +1) 
levels by the magnetic field. From the energy 
levels, one can obtain the positions of the 
magnetic field HI(Alg(3), where the energy 
difference between the states | M, m,) and 
| M + 1, m ,) is kv/A , that is, where the allowed 



Magnetic field, H/OAI per q/3 ) 

Fig. 8. Energy levels of Breit-Rabi for 5 — 3 and I = 5/2 obtained by the numerical diagonalization 
of the matrix of the spin Hamiltonian that is discussed in the text, (a) is the magnification of the 

part enclosed by dotted lines in (b). 
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transitions with AM =1 and Am, - 0 occur. 
The transition probability of the allowed 
transition from M to M+ 1 is proportional to 
IS(S+1)-M(M+ DK20J. The positions ot 
the magnetic field for theX-band spectrum was 
calculated using the A -value obtained from the 
X’-band spectrum and shown in Fig. 1(b) by 
the lines whose length indicate the theoretical 
strength 3:5:6:6:5:3 of the transition 
probabilities. A group of six lines indicates 
the fine structure caused by the second order 
hyperfine splitting and belonging to the same 
m t values. Six groups represent the hyperfine 
splitting of m l = ±5/2, m, = ±3/2 and m 7 = 
±1/2. In the calculation the fine structure 
produced by the cubic field is not included. A 
small discrepancy between the experimental 
and calculated energy may have been caused 
by the omission of the axial field or the cubic 
field splitting terms. The qualitative agree¬ 
ment between the experimental and calculated 
positions of the resonance lines indicate 
clearly that the Mn + has a 7 S configuration 
and that the spin Hamiltonian shown by 
equation (1) explains the fine structure splitting 
in the X-band frequency adequately. It is 
considered that the second order hyperfine 
coupling has made the outer lines of the X-band 
sextets wider. 


operator for the ath chlorine. A, denotes the 
contact interaction of the electron with the 
chlorine nucleus and A p denotes the magnetic 
dipole-dipole interaction. In the case of Mn + 
the best resolution of shf structures is obtained 
when the magnetic field is along (111). If 
Mn + is at the substitutional site, 0 a ~a t the 
magnetic field along {111) is cos -1 (1/ V3) for 
all neighboring chlorine nuclei and the aniso¬ 
tropic part of the shf structures vanishes. Thus 
it is again considered that Mn + in NaCl is 
located at the substitutional site. A, is obtained 
from the splitting for Hi Kill) and A p is 
estimated from the angular dependence of the 
line width. The obtained parameters are 


A, = (4-2 ± 0-2) x 10 -4 cm -1 , 


and 

A p = (0-6±0'2) x 10 -4 cm -1 . 

The experimental values of hyperfine coup¬ 
ling constants, A, of manganese with various 
valencies in NaCl and in other materials 
are given in Table 1, together with the A 
values derived from the theoretical values of 
magnetic susceptibility calculated by Freeman 
and Watson. As is expected from the theory of 
core polarization, A values in the same material 


The fact that the EPR spectrum for Mn + can 
be analyzed with a spin Hamiltonian which 
does not include the axial and rhombic field 
terms may indicate that the center is either 
in octahedral or in tetrahedral symmetry. The 
study of the shf structures may decide which 
is indeed the case. Syperhyperfine structures 
observed in each fine structure line are con¬ 
sidered to be caused by the coupling of the 
electron spin with the nuclear spins of neigh¬ 
boring chlorine ions. The spin Hamiltonian 
for the shf structures may be written as 

<r.v = 2f/f.+/lp(3cos 2 fl a -l)]S.I a , (3) 

a 

where S a is the angle between the direction of 
the magnetic field and the axis of the bond with 
the ath chlorine [19]. l a is the nuclear spin 


decrease as the number of d electrons de¬ 
crease for Mn 2+ , Mn 3+ and Mn 4+ . In the case 
of Mn + , the net contribution of the 4s electron 
makes the A value larger than those of Mn 2+ , 
Mn 3 + and Mn 4+ . ForMn 0 , as discussed earlier, 
4s electrons outside 3 d electrons cancel the 
core polarization field of Is, 2s and 3s electrons 
inside 3 d electrons, and the A value is smaller 
than that of Mn 2+ . 

The A value of Mn + in NaCl obtained by 
extrapolation to T = 0°K, is 232-6 x 10" 4 cm' 1 , 
while that of Mn + in Ar at 4°K is 270*4 x 10“ 4 
cm -1 . The A value in NaCl is about 86 per 
cent of that in Ar. For Mn°, the A value in 
NaCl is reduced by about 59 per cent. This 
reduction would be the covalent reduction 
that is first discussed by Matsumura for Mn 2+ 
[21] and recently by Simanek and Muller [22] 
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Table L Variation of the hyperfine coupling constant , A, of manganese with the 

degree of ionization 


Valency 

Configuration 

Xu*,. 1 * 1 

^tbeo. 

M.„.l(NaCl) 

1 

Mn° 

3rf»4 iK'Sw) 

-0-64 

-160 

l5-5(77‘ , K) m 

120(30Q' , K) ,<;1 

27-9 (Ar) 1 * 1 

Mn + 

3«J*4jCS,) 

—3*35 

-1050 

J9-8(300°K)» C ' 

270-4 (Ar) w 

Mn 2+ 

3 m.«) 

—3* 10 

—91*5 

231(77-10 

81-3(MgO) w 

Mn 3+ 

3 </<(*£>„) 

(-3-34)"* 

-2*91 

(-99 0) 
-86 0 

82-3(300°K) ldl 

84-5 and 52-8 (TiO,) to) 

Mn 4+ 

MVF*) 

-2-34 

-60-8 

— 

71-4(MgO) u ’ 1 

72-8 and 70-3 (TiO l )“ ! 


Both A theo and/4 exp arc in the unit of 10 _4 cm" 1 . is calculated from the value of \ A90 

[a] WATSON R. E. and FREEMAN A. J. (Ref. [10]). 

[b] IKEYA M. and ITOH N. (Ref. [11]). 

[c] BETT1CA P., SANTUCCI S. and STEFAN I A. (Ref. [7]). 

[d] WATKINS G.D. (Ref. [14]). # 

[e] KASAI P. (Ref. [6]). 

[f] The value in the parenthesis is the results from the exchange polarized contact term, others are 
from the spin polarized contact term. 

[g] Taken from the Table given by LOW W. and OPPENBACHER E. L., Solid State Physics 
(Edited by F. Seitz and D. Turnbull), Vol. 17, p. 135, Academic Press (1965). 

[h] DAVIES J. J., SMITH S. R. P. and WERTZ J. E., Phys. Rev . 178,608 (1969). 


for iron group impurities. It is also interesting 
to note here that the A value of Cd + in NaCl 
[23] is considerably smaller than that in 
solid Argon. 

The hyperfine coupling constant of Mn + 
decreases as the temperature increases as 
expected from the theory of the phonon- 
induced hyperfine coupling[15, 16]. Simanek 
and Orbach first proposed a mechanism in 
which excited configurations of the form 
2>d*ns are admixed into the ground 3d 5 con¬ 
figuration of Mn 2+ by the orbit-lattice inter¬ 
action [15]. They obtained a formula of the 
hyperfine coupling constant at temperature 
T as 


A(T) = A( 0) 


1-CT 4 





where /1(0) is the hyperfine coupling constant 
at T = 0°K and T D is the averaged Debye 
tempeiature. C is related to the phonon- 
induced admixtures of the excited states. 
Later, Simanek and Huang adapted a covalent 
model to eliminate the discrepancy between 
the theory and experiment and arrived at the 
same equation [16]. In this case, the parameter 


C is related to the ns admixture coefficients 
due to both point-charge crystal field ad¬ 
mixture and a covalent charge transfer con¬ 
tribution. From the experimental results 
shown in Fig. 4, the parameters v4(0) and C of 
manganese center are obtained by the best 
fitting to equation (4) and are given in Table 2. 
For Mn H , the results agree well with those 
obtained by Huang [24] who uses the experi¬ 
mental results by Wieringen and Rensen[25]. 
For Mn°-C center that is located at the inter¬ 
stitial site, the results are reported already 
by Bianchini et ai and by the present authors 

Table 2. Parameters for temperature 
dependence of the hyperfine coupling 
constants of manganese centers with 
various valencies in NaCl 



-4(0) 

C 

Centers 

(x 10~ 4 cm" 1 ) 

CK~*) 

Mn 2+ (3d 8 ) 

83-5* 

8-2 x 10 -18 

Mn + (3d 8 4s) 

232-6 

7-2 x 10~ n 

Mn°-C(3rf 5 4s 2 ) 

16-0t 

1-8 x 10~ ,o t 


♦The value is in agreement with the value obtained 
by HUANG C. Y. (Ref. [24]). 

tThese values are same as those obtained by 
BIANCHINI etai (Ref.[26)). 
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{26,27]. The value of C increases as the 
valency decreases. So far as the C value of 
Mn 4 is concerned, it may be related with the 
admixture of 37*4s( 7 5) with the excited con¬ 
figuration 3 d\*D) and 3 7 4 45 2 ( 5 Z>) by crystal- 
field and by spin-orbit interaction. Covalent 
charge transfer may also play a part in the 
admixture. The temperature dependence of 
the hyperfine coupling constant does not show 
any anomaly as in the case of Cu () in KCI and 
of Mn°-E in NaCl. Thus it is concluded that 
Mn 4 is located at the lattice site and not at 
an off-center site. 

The optical absorption band at 4*47 eV is 
formed by F bleaching at liquid nitrogen and 
room temperatures following X-irradiation at 
room temperature. By annealing of the 
specimen irradiated at liquid nitrogen temp¬ 
erature the absorption band is also formed, 
accompanied with the destruction of Mn °-B 
center. It should be noted here that the EPR 
spectrum for Mn 4 is formed with the same 
treatments as those employed to create the 
4*47 eV band. 

The peak energy of the band at 4*47 eV is 
very close to the transition energies in free 
Mn + from the ground state 3d h 4s( 7 S A ) to the 
excited states 3dHp( 7 P 2 , 7 P 3 , 7 PJ, which 
occur at 4*75, 4*78 and 4*81, respectively [17]. 
These energies are indicated in Figs. 5, 6 and 
7 with the lines whose length is proportional 
to (274-1), according to the 7-sum file rule 
of the line strength [20]. Since the 4*47 eV 
band and the EPR spectrum for Mn 4 are 
obtained with the same treatments and the 
transition energy, 4*47 eV, is close to the 
transition energies in free Mn 4 , we conclude 
that the 4*47 eV band is associated with 
transitions from 7 S to 7 P states in Mn 4 . There 
is a red shift of 0-3 eV in the transition energy 
of Mn + upon entering into solids. The shift 
is about 6-5 per cent of the transition energy 
and it is comparable as the similar shift, 10 
percent,inMn°(Mn°— A and Mn°- B centers) 
[II] and much less than the shift in Ag° (23 
per cent) and Cu° (28 per cent)[4,5]. By 
comparing the intensities of the EPR spectrum 


and optical absorption bands for Mn 4 with 
those of Mn°, it appears that the oscillator 
strength for the 7 5 -* 7 P transition in Mn + is 
much smaller than that for the 37*45 2 ( e S) —* 
2d*4s( 7 S)4p transition in Mn°. This is probably 
due to the exchange interaction of 45 electrons 
with 3 d electrons as discussed already in 
connection with the 37 5 45 2 ( 6 S) -+ 37*45(*£)4/7 
transition in Mn°. 

Finally the formation process of Mn 4 is 
discussed. A'-irradiation at room temperature 
and liquid nitrogen temperature alone does 
not produce a considerable amount of Mn 4 . 
Irradiation at liquid nitrogen temperature 
produces Mn°-B center[ll] and subsequent 
warming the specimen to —120°C produces 
Mn 4 center. This is probably because the 
positive hole, V K center, becomes mobile 
above ~120°C and is trapped by the Mn°-Z? 
center. When irradiation is made at room 
temperature, Mn° at the lattice site is not 
produced, but a considerable amount of 
isolated Mn 24 both at the substitutional and 
interstitial positions may be produced in this 
case [8]. By bleaching with F light at both 
liquid nitrogen and room temperature Mn 4 
and Mn°-C centers at the interstitial site are 
formed. So far Mn 4 at the interstitial site has 
not been detected. Most probably Mn 24 at 
the interstitial site will trap two electrons and 
Mn°-C center will be formed. Mn 24 at the 
substitutional position may trap either one or 
two electrons to be converted into either 
Mn 4 or Mn°-fi centers. It is not very clear 
yet whether Mn 24 associated with a positive 
ion vacancy can capture an electron. Although 
the EPR spectra for Mn 4 are well analyzed 
with the spin Hamiltonian which does not 
include the axial and rhombic field terms, it 
might be possible that these spectra may 
represent Mn 4 associated with a positive ion 
vacancy if the crystal field parameters of 
lower symmetry for Mn 4 is small. Further 
works on the EPR of Mn 4 in the axial and 
rhombic fields may be of interest. 
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THEORY OF METALLIC CONTACTS ON HIGH 
RESISTIVITY SOLIDS (II) DEEP TRAPS 

J. G. SIMMONS 

Electrical Engineering Department, University of Toronto, Toronto, Canada 

{Received 30 November 1970; in revised form 2 April 1971) 

Abstract-The physics of injecting contacts on insulating solids is studied in detail for the case of 
discrete and distributed deep traps. It is shown that a shallow trap may be converted to a deep trap 
and vice versa when electrodes are applied to the insulator depending on the relative magnitudes of 
the insulator parameters and electrode work function. It is found that the insulator energy bands are 
severely distorted close to the interfaces and that screening lengths in the insulator are typically less 
than about O Sfi for practical trap densities. Various combinations of blocking, ohmic and neutral 
metal-insulator contacts are discussed. 

l. introduction condition that the number of free electrons 

Generally speaking the physics of metal- equal the number of free holes: 
insulator contacts have received very little 

attention in the literature. Often it is not „ / E Fi — E c \ _ v f E v — E Fi \ 

recognised that considerable distortion of the c P \ kT ) 9 P \ kT ) 

insulator conduction band can occur at the 
interface, just as it occurs at a metal-semi- which yields for E Fi 
conductor junction (Schottky barrier). How¬ 
ever, the principle involved in forming the ^ _ E C + E V ^ kT^/N v \ 

metal-insulator contact is different from that Fi 2 2 1 \N C / 

at the semiconductor junction in that traps 

are involved rather than donor or acceptor —Ei + g j ^ /N v \ 

centers. (In the case of doped insulators, 2 r 2 \N C J 

howqver, Schottky barriers can be formed at 

the interface) [1-3]. where N c and N v are respectively the effective 

In an earlier paper a study was made of density of states in the conduction and 

injecting contacts on insulating solids contain- valence bands, E c and E v are respectively the 

ing shallow traps. Here we consider the more energies of the bottom of the conduction and 

general and important case of deep traps. As valence bands, E 0 is the insulator energy 

in the earlier paper[4] we concern ourselves gap, k is Boltzmann’s constant and T is the 

with electron, rather than hole-injecting con- absolute temperature. Normally, (£772) In 

tacts, since these contacts are easier to (N V !N C ) is small compared to EJ2 so that 
visualize. However, it is a relatively simple the intrinsic Fermi level lies close to the 

task to extend the ideas discussed here to middle of the energy gap. 

hole-injecting contacts. In practice an insulator abounds with traps. 

Traps positioned above the Fermi level are 
2. the insulator in isolation essentially empty (shallow) (see Figs. 1(a)- 

(Electrodeless insulator) l( e )) while those positioned below the 

In a perfect (trap-free) insulator the position Fermi level are essentially filled (deep), 
of the Fermi level E Fi is determined by the see Figs. 1(a) and 1(e). In general, for this 
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Original insulator Fermi level 

-System Fermi level 

Occupied trap 
- Unoccupied trap 


Fig. i. Energy diagram of metal-insulator-metal system when the insulator 
contains a shallow trap (upper) level and a deep trap (lower) level. The 
figure illustrates the system: (a) before the electrodes are attached, and (b) 
(c) and (d) after the electrodes are attached and ohmic contacts are formed 
at the electrode-insulator interface, (b) illustrates the situation when the 
shailow traps have been totally converted to deep traps; (c) when the 
shallow traps have been converted to partially-filled traps and space 
charge exists throughout the insulator; and (d) when sufficient shallow 
traps have been converted to partially-filled traps so that the interior of the 
insulator is electrostatically screened from the surface. Fig. l(e-h) are 
analogous to Figs, l(a-d), respectively, except that blocking contacts are 
formed at the interfaces and the deep traps converted to shallow traps. 

The dot-dash line marked £>, is the original insulator Fermi level, and 
the horizontal chain dotted line marked E Ft is the system Fermi level. 


case, the Fermi level will not be positioned It is convenient to consider a deep trap as 
close to mid-gap but will depend on the trap a donor-type trap, that is, it is intrinsically 
parameters. neutral when it contains an electron; thus, the 
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electrons do not have as their source the 
valence band. (If this were not the case, there 
would be free holes in the valence band 
essentially equal in number to the electrons 
residing in the traps and the material would be 
a relatively good conductor, even at absolute 
zero of temperature!) Furthermore, we will 
assume that the trap is monovalent and thus 
can be charged only positively (by giving up 
its electron). It is convenient also to assume 
that a shallow trap is acceptor-type; that is, 
it is intrinsically neutral when empty. Also 
this trap is assumed to be monovalent and is 
charged (negatively) by accepting one (and 
one only) electron. 

In actual fact it is possible for a shallow trap 
to be donor-type and for a deep trap to be 
acceptor-type. In an insulator containing a 
combination of such traps, compensation 
occurs between these traps; that is, the elec¬ 
trons in the shallow donor-type traps are 
exchanged with the deep acceptor-type traps 
and the former are then positively charged 
and the latter negatively charged. Of course, 
the system remains electrically neutral and 
from a statistical point of view it is identical 
to that of an equivalent system in which all the 
centres are neutral. However, for clarity, 
throughout the remainder of this text we will 
assume that before the electrodes are applied 
all shallow traps are acceptor-type and all deep 
traps are donor-type [5]. 

2.1 Discrete (rap levels 

Consider an insulator containing a single 
discrete shallow and a single discrete deep 
trap level (Figs. l(a)(e)). Non-degenerate 
equilibrium statistics require that 

v « exp ( fi, *? gc! ) +exp i Sl W a ) - 

Nu exp ( Efl t r £ ») + N, exp (2) 

where N td and N u are respectively the deep 
and shallow trap densities, and E td and E u 


are respectively the energies of the deep and 
shallow trap levels. 

For practical values of trap parameters we 
may neglect the ,two terms involving the 
conduction and valeilce band, and from the re¬ 
maining two terms obtain the insulator Fermi 
energy: 


E-Fi — 


Ejl+E^ IcT, 

2 + 2 n 



(3) 


From (3) it is seen that En is determined only 
by the trap parameters, and is normally 
positioned between the two traps levels. In 
the absence of deep traps (we may neglect 
the term involving the conduction band) we 
have from (2): 


Efi — 


E v + El, 
2 




(4) 


In this case the Fermi level lies about halfway 
between the shallow trap level and the top 
of the valence band. If shallow traps are 
absent (we may neglect the term involving the 
valence band) we obtain from (3): 


(5) 

For this case the Fermi level is positioned 
about halfway between the bottom of the con¬ 
duction band and the deep trap level. In 
general, then, for the three cases discussed 
above, the insulator Fermi level will not be 
at the mid-gap of the insulator. 

2.2 Distributed traps 

In many instances the traps, rather than 
being discrete, are distributed [5] (uniformly, 
or otherwise) throughout the energy gap of 
the insulator. This is certainly the case for 
amorphous materials in which, due to the lack 
of long range order, the so-called density of 
states tail (localized levels) exist throughout 
the energy gap[6]. 

Consider the situation at absolute zero of 
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temperature. Assume the insulator has been 
cooled sufficiently slowly so that the system 
was always in thermal equilibrium, then the 
upper most filled trap level defines the position 
of the Fermi level at absolute zero. In general 
the Fermi level is not positioned at mid gap, 
rather its position depends on the energy dis¬ 
tribution of the traps and the number of filled 
traps. The position of the Fermi level is only 
a weak function of the temperature and can 
be approximated by 

E n {T) = E Fi (0)-^-(7rkTY 
br) Fl 

where £^(0) defines the position of the Fermi 
level at absolute zero of temperature, and 
r) Fi and r)' Fi are the trap distribution and its 
derivative, respectively, evaluated at E fi . 

3. METAL-INSULATOR-METAL SYSTEM 
When electrodes are applied to the insulator, 
the underlying principle in determining the 
height of the potential barrier and the shape of 
the bottom of the insulator conduction band is 
that the vacuum and Fermi levels of the elec¬ 
trode and insulator are continuous across the 
interface. (Actually the electrode and in¬ 
sulator Fermi levels are now indistinguishable 
since they are now one and the same Fermi 
level: the system Fermi level.) The continuity 
of the vacuum levels determines the height 
of the interfacial barrier (see Figs. 1 and 2): 

<t> = ^m“X 

where is the metal work function and \ 
the insulator affinity. 

Normally before the electrodes are applied 

where i//, is the original work func¬ 
tion of the insulator. Thus, when the elec¬ 
trodes are initially applied, charge is ex¬ 
changed between the electrode and insulator 
such that the change in the position of the 
insulator Fermi level (resulting from the 
change in occupancy of the electron traps in 
the insulator) reduces the energy differential 
between the electrode and insulator Fermi 


levels. The charge exchange ceases when the 
two Fermi levels coalesce to form the dis¬ 
crete monoenergetic system Fermi level as 
shown in Figs. 1 and 2. Clearly, the number of 
electrons exchanged between the electrode 
and insulator is essentially equal to the number 
of traps positioned between the original 
insulator Fermi level (which is no longer 
spacially monoenergetic) and system Fermi 
levels[7]. Thus, if (Fig. 1(a), 2(a)), 

the original Fermi level lies below the 
system Fermi level (Fig. l(b, c), 2(b)) which 
means electrons flowed out of the electrode 
into the insulator traps. The resulting build 
up of negative space charge within the 
insulator causes its conduction band edge to 
curve upwards, as shown in Figs. (Ib-d) 
and 2(b, c). This type of contact is normally 
referred to as an ohmic contact (for elec¬ 
trons). Alternatively, if i//™ > ^ (Fig. 1(e), 
2(d)) the original Fermi level lies above 
the system Fermi level (Figs. l(f, g), a(e)), 
which means that electrons flow out of 
the insulator traps into the electrode. In this 
case the resulting build up of positive charge 
within the insulator causes its conduction 
band edge to curve downwards, as shown in 
Fig. l(f-h) and 2(e, f). This type of contact is 
referred to as blocking contact (for electrons). 
Note that the conduction band edge and the 
original Fermi level are necessarily parallel. 

At any plane in the insulator wfiere 4he 
system and original Fermi levels do not coin¬ 
cide, the charge density will differ from that 
which existed before the electrodes were 
applied, thus space charge must exist at the 
plane under consideration. Therefore, when 
the two Fermi levels do not coincide at any 
point in the insulator (Figs. l(b,c,f,g), 2(b,e)), 
space charge exists, and the energy bands are 
distorted, throughout the insulator. This is 
the case when either the trap density is too 
low or the insulator too thin. On the other 
hand if sufficient charge is injected into the 
insulator its original Fermi level in the 
interior of the insulator will be raised or 
lowered, as the case may be, so as to coincide 
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X><XFilled states 

—Eft 

—E F i 

Fig. 2. Energy diagram of metal-insulator-metal system when the insulator 
contains trap levels distributed throughout its energy gap. The figure illus¬ 
trates the system: (a) before electrodes are attached, and (b), (c) after the 
electrodes are attached, and (b), (c) after the electrodes are attached and 
ohmic contacts formed at the electrode-insulator interfaces, (b) illustrates 
the case when space charge exists throughout the insulator and (c) when 
sufficient charge exists in the insulator such that the interior of the insulator 
is electrostatically screened from the surface. 

Figures 2(d)—(f) are analogous to Figs. 2(a)-(c), respectively, except that 
blocking contacts are formed at the interfaces. 


with the system Fermi level over some region 
within the insulator. Where these two Fermi 
levels coincide there exists a space-charge- 
free, and hence field-free, region (Figs. 1 
(d,h), 2(c,f)); in other words the space charge 
is localized just inside the surface of the 
insulator and electrostatically shields the 
interior of the insulator from its surface. 
Thus it will be apparent that the maximum 


extent to which the conduction band edge may 
be raised (or lowered) within the insulator due 
to space charge effects is —The 
regions in which the negative and positive 
space charge are localised are referred to 
respectively as the accumulation and deple¬ 
tion regions. 

A discrete trap (which is defined with res¬ 
pect to the insulator band edges) will have the 
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same spacial variation in energy as the bottom 
of the conduction band after the electrodes 
are applied (Figs, 1 (b-d)(f-k)). It follows then 
that if i p m < (Ec-Eu + x) a trap level which 
is shallow before the electrodes are applied 
can be converted to a deep level after the 
electrodes are applied (cf Figs. 1(a) and 1(b)). 
Similarly if 


Pm > (Ee-Efd+X) 

a trap level which is deep before the electrodes 
are applied may be converted to a shallow 
level when the electrodes are applied (cf 
Figs. 1(e) and 1(f)). Furthermore, it is 
possible for the level to be at once both deep 
and shallow (^ee Figs. l(c-d, g-h)) within 
the definitions given above. We will subse¬ 
quently refer to any such trap level as a 
partially-filled \evel . If 

(E c ~-E t8 + x) <Pm< (E v -E td + x) 

the problem is one of shallow-trapping[1], 
with the result that distortion of the band 
edges are much less severe than when deep 
trapping occurs. 

Generally speaking for the case of an in¬ 
sulator containing traps distributed through¬ 
out its band gap, distortion of the band edges 
will be fairly severe after electrodes are 
applied (Figs, 2(b,c,e,f)). Only when fa ^ \p m 
will there be little distortion of the conduction 
band. 

3.1 Discrete trap levels 

(a) Fully-charged traps . Figure 1(b) 
illustrates the energy diagram for an in¬ 
sulator in which traps that were originally 
shallow (upper level) have been converted 
into deep fully-charged (negatively) traps 
after the application of ohmic contacts to the 
insulator surface. The occupancy and nature 
(deep) of the lower traps remain essentially 
unchanged after application of the electrodes. 
Thus in the subsequent discussion this level 
may be considered to play only a passive 


role (from a space charge point of view) 
compared to that of the converted (upper) 
trap. Hence, it follows that a constant 
negative space charge exists throughout the 
insulator. 

If the trap density of the converted traps 
is N t g per unit volume and ip is the potential 
energy of the bottom of the conduction band 
with respect to the system Fermi level, we 
have from Poisson’s equation 


d 2 P_ e 2 N tJi 
dr 2 e 


( 6 ) 


where e is the relative permittivity of the 
insulator and jc is measured from the left-hand 
metal-insulator interface. Integrating (6) and 
using the boundary condition that i/r = <p r 
and <f> 2 at x = 0 and L (insulator thickness) 
respectively we obtain 

\p = fa + e 2 N t9 x(L-x)l2€+ (fa-fa)x/L. (7) 

The maximum height, of the bottom of 
the conduction band above the electrode 
Fermi level occurs at a distance 

^ = L/2~ (0, - faUle 2 LN ta (8) 

from the left-hand interface. Substituting this 
value for x in (7) yields the maximum height 
p max of the conduction band above the 
electrode Fermi level. For similar electrodes 
(that is fa = <p 2 = <f> o) 

P ma x = fa + e 2 N tg L 2 /S€. (9) 

The maximum band bending that occurs in 
the insulator is given by the second term on 
the right hand side of (9). Therefore in order 
for the shallow traps to be converted to 
deep fully-charged traps requires that (cf 
Figs. 1(a) and (b)) 

eW te L 2 /8€ < {E u -E f ) 
or 

L < [8 e{E F -E u )le 2 N u ] v \ (10) 



HIGH RESISTIVITY SOLIDS 


2587 


If it is arbitrarily assumed that (E F — E u ) — 
{ eV, — 10 22 m~ 3 and an insulator dielectric 
constant, K , of 5 then L — 3000 A, and it is 
corresponding less than this for higher values 
of trap density. Hence the fully-charged trap 
condition for practical trap densities is 
possible only in very thin insulators. 

For the analogous case of an insulator in 
which traps that were originally deep and have 
been converted into shallow fully-charged 
(positively) traps after the application of 
blocking contacts > i/r*) to its surfaces 
(see Fig. 2(f)), the equations corresponding 
to (6)-(9) are obtained by writing (—N t ) for 
N t in (6-9). 

(b) Partially-charged traps. Figure 1(c) 
illustrates the energy diagram when the upper 
trap level has been converted from a shallow 
level to a partially-filled level upon applica¬ 
tion of ohmic contacts. The traps close to 
the surface have been converted to fully- 
charged (deep) traps. However, those traps 
positioned in the range x 0 < x < L — x 0 
although still shallow, contain electrons that 
give rise to space charge, where jc 0 is the dis¬ 
tance from each interface that the partially- 
filled level cuts the system Fermi level. This 
is due to the fact that the portion of the trap 
level in the range x Q < x < {L — x 0 ) is posi¬ 
tioned closer to the system Fermi level than 
the insulator Fermi level. Thus space charge 
and hence an electric field exist throughout 
the length of the insulator. On the other hand. 
Fig. 1 (d) illustrates the case again of a partially- 
filled trap level but one in which there is suffi¬ 
cient charge inside the surfaces of the insulator 
(jc < jc 0 , x > L — x 0 ) so that the interior 
(x 0 < x < L — x 0 ) is electrostatically-screened 
from conditions at the surface. 

Figures 2(g)(h) are the corresponding 
counterparts to Figs. l(c)(d) when blocking 
contacts are formed at the interfaces. 

Poissons equations for Fig. 1(c) are to a 
good approximation: 


d 2 ift f _ e 2 N t 

dbt 2 € 


x 0 > x < L — Xq (11) 


x 0 < x < L—x# 

( 12 ) 

(ft, is the potential energy of the trap level with 
respect to the system Fermi level. Using the 
appropriate boundary conditions (see Appen¬ 
dix) and assuming similar electrode work 
functions equation (11) integrates to, 

L = 2x 0 + it (J exp 

where 

X ° = (jxr)' /2 [(kT+E c -E,-<t> 0 y» 

\ e A,/ _ 

and ipKmax) * s the maximum height of the trap 
level above the system Fermi level. If 
< (E t — E Fi ), space charge exists throughout 
the insulator, with the result that the conduc¬ 
tion band is distorted throughout its length, 
as shown in Fig. 1(c). If = ( E t -E Fi ), 
the interior of the insulator is free of space 
charge; Fig. 1(d) illustrates the energy dia¬ 
gram for this case. Setting «/»„ ma x) = Et~E Fi 
in (13), we find that for this condition to exist 
that L must satisfy the relationship 

<><> 

Assuming that (£, — E Ft ) = ieV, JV,= 
10 M m~ 3, K = 5, <t > 0 = ieV and T = 300°K, 
thenL «= 0-25 cm. 

One half of the last term of (14) is the 
approximate width of the accumulation 
regions of Fig. 1(d) and of the depletion 
regions of Fig. 1(f). 

3.2 Distributed traps 

Figures 2(b)(c) illustrate energy diagrams 
for the system when the insulator contains 
traps distributed throughout its energy gap 
and ohmic contacts exist at the interfaces. 
Figure 2(b) corresponds to the situation when 
space charge exists throughout the insulator, 
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and Fig. 2(c) to the case when the interior 
of the insulator is electrostatically screened 
from the surface. 

Figures 2 (e)(f) are the corresponding 
counterparts to Figs. 2(b)(c) when blocking 
contacts exist at the interfaces. 

Poisson’s equation for the case shown in 
Fig. 2(b) can be written to a good approxima¬ 
tion as (see Appendix) 

(fc-X-*) - " 18 2 (^-X-^) 

dbr « 

(15) 


approximation for the charge density used in 
(15) when »// approaches i/< ( — x (see A12 of 
the Appendix). However, we can obtain a 
sufficiently accurate value for L, by using 
ilw = (ifo — X~ kT) as the greatest value of 
•/'max can attain, for which (15) is still valid. 
This approximation corresponds to the 
insulator Fermi level being within kT of the 
system Fermi level at their closest separation. 
Substituting this value in (17) yields 

cosh (0L,/2) = (18) 


where tj, is the trap density per unit energy 
per unit volume (assumed constant). 
Assuming similar electrode work functions 
(i// m ) materials, yields the boundary condi¬ 
tions di/i/dx = 0 at x = LI2 and i/<(0) = </>„. 
Integrating (15) using these boundary condi¬ 
tions we have 


</»(*) = (i/'fX) “ ('f>i ~X~4>o) 

cosh [/?(x —L/2) ] 
cosh (/3Z./2) 

Noting that 


(16) 


(i/'(-x _ d>«) * (•/'/—</»«) 


Normally exp (/3LI2) > exp (—/3L/2) so 
that (18) reduces to 



(19) 


If it is arbitrarily assumed that — = 1 

eV, r),= 10 42 m -s (eV) -1 and K — 5, then for 
T = 300°K we have that L t = 4000 A and it is 
correspondingly smaller for greater values of 
N t . 

For the case of blocking contacts [Fig. 
2(e)] the equations corresponding to (16) 
and (17) are: 


we have from (16) that 

l/>(L/2) = '/'max = (</'f~X) ~ — 

sech (j8L/2). (17) 

It is of interest to determine the minimum 
thickness of insulator L, required in order 
for the interior to be electrostatically screened 
from conditions at the surface. This is the 
condition corresponding to the transitional 
stage between the two energy diagrams shown 
in Figs. 2(b) and 2(c). This situation occurs 
when the interior of the insulator is just 
electrostatically shielded from the surface; 
that is when the Fermi levels first coincide 
and i/imax just reaches its maximum value of 
(•/'< —X)- I* ‘ s not possible to use t/» max = 
Ofo — x) in (17) to determine L, [the substitu¬ 
tion yields (</'( — '/>*) sech (f3L/2) = 0] and 
this is because of the inadequacy of the 


<1j{x) = (</',-x) + (</',-X - </>o) 

cosh — L/2)] 
x “cosh(/3L/2) 

and 

i/»(L/2) = I p ml „ = ('/'( — x) +(</'< — 4>m) 


( 20 ) 


x sech (/3Z./2). (21) 


The width of the accumulation regions of 
Fig. 2(c) and the accumulation regions of 
Fig. 2(f) is equal to L t \2 [see (19)]. 


3.3 Other cases 

In light of the previous discussions and 
those of an earlier paper on shallow trapping 
[1] it is now possible to deduce the energy 
diagrams for any combination of insulator 
parameters and electrode work functions. It 
is instructive to consider a few of these 
combinations. 
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Figure 3(a) shows an insulator originally 
containing a deep and shallow trap level (Fig. 
3(a)(i)) with blocking and ohmic contacts on 
opposite surfaces. The electrodes are such 
that (Fig. 3(a)(i)) 

1A1 m > (^i+Eta-En) 
and 

'/'am < (</»i + E Fi -E „) 

where 6 ]m and i|/ 2m are respectively the work 
functions of the left hand (LH) and right hand 
(RH) electrodes. Thus a positive space charge 
exists in the LH surface of the insulator and 


a negative space charge in the RH surface, 
and both sets of traps are converted to 
partially-filled levels. If sufficient charge 
is transferred between each interface, that 
Region of the interior >of the insulator will be 
fully screened from the surface where the 
insulator and system Fermi levels are coin¬ 
cident, as shown in Fig. 3(a)(iii)). Otherwise, 
space charge exists, and the band edges 
distorted, throughout the insulator as shown 
in Fig. 3(a) (ii)). 

Figures 3(c)(ii)(iii) correspond to those of 
Fig. 3(a)(ii)(iii) except that there is a con¬ 
tinuous distribution of trap levels in the 
forbidden gap. 



(c) 

Fig. 3. Energy diagram of insulator with various combination of contacts. (See 

text for details). 
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Figure 3(b) illustrates the energy diagram 
for an insulator with a blocking and a neutral 
contacts [4] at the interface. In Fig. 3(b)(ii) 
insufficient positive charge reside in the 
insulator to electrostatically screen the RH 
interface from the LH interface. Figure 3(b) 
(iii) illustrates the situation when the RH 
interface is fully screened from the LH inter¬ 
face. 

4. DISCUSSION 

The cases that have been discussed refer 
to systems in thermal equilibrium. If the traps 
involved in charge exchange are very deep 
(> 1 eV below the conduction band at T = 
300°K), the system may require some time to 
reach equilibrium after the electrodes are 
applied. The time taken for a trap to discharge 
its electron is (vP)~\ where v is the attempt- 
to-escape frequency and P (= exp [(E, — 
E r )fkT]) is the escape probability of the 


electron. Assuming v = 10 13 s~ x and (E c — E t ) 
= leV then at room temperature (vP)~ l = 
10 4 sec. 

Also, if the trapping density is high, of the 
order 10 26 (eV)’L as appears to exist in 

amorphous glassy semiconductors [9], the 
width of the depletion regions associated with 
blocking contacts is of the order 100 A or 
less. Thus the depletion region barrier will be 
transparent to tunneling electrons. What this 
means is that the electrodes will appear to 
make a neutral contact [4] to the insulator; 
that is the potential barrier will appear 
essentially rectangular to electrons entering 
the insulator from the electrodes (see Fig. 4). 
Thus, blocking or rectifying contacts will not 
normally be possible on an amorphous solid 
[9,10]. Hence, the present model leads to a 
neutral contact which, on the one hand, 
precludes blocking or rectifying effects and, 
on the other hand, also appears to preclude 



<\ool 
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Fig. 4. Energy diagram showing the effective barrier to 
electrons when blocking contacts exist on an insulator 
containing a very high density of distributed traps. 
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injection effects of the sort frequently sug¬ 
gested [11] to support a double-injection 
model for switching. 
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APPENDIX 

(a) Solution for partially filled traps 
Integrating (11) and using the boundary condition 
d0 ( /cLx — eF 0 at jc = 0 we have 


d»/'r 

dx 


(Al) 


Integrating (Al) and using the boundary condition — 
(</> + £,— E r ) at x = 0 yields 

0r = — e*Nt&{le + eF<tX + <l>Q-\rEt — E c . (A2) 


The distance jc 0 . measured from the electrode-insulator 
interface, that the trap level intersects the Fermi level of 
the system (see Fig. 1 (c)), occurs at 0, = 0 in (A2), thus 


eFo = e 2 N,xJ2e + (E c -£,- M/x 0 . (A3) 


Integrating (12) using the boundary condition dd>/dr — 0 
at 0 = $ tm yields 


(A4) 


where 0, w is the maximum height of the trap level above 
the system Fermi level. Integrating (A4) using the 
boundary condition 0 = 0 and 0*, at x “ jto and L/2, we 
obtain 


For 0 (m > 4kT, (A5) reduces to 

L /2 = + 2(77^) ex P (jkf) (A6 > 

In order to determine jc 0 in (A6) we note that d0/djt and 0 
for the two regions x jc ** x 0 and x 0 « x ^ L/2 are 
continuous at jc = jc 0 . Hence equating (Al) and (A4) 
at x = jc 0 (or at 0, = 0) we obtain 

eF 0 = (2 e*kTN t fc)' 12 + e*N t x 0 ft. (A7) 

Equating (A3) and (A7) and solving for jc 0 we obtain 

* 0 =(2 c/e 2 A f ) 5/2 [(£ c + ^r-£ f -0) 1/2 -O(T) ,/ *] (A8) 


(b) Charge density for distributed traps 
Charge density at any plane x is given by 


*'£,.+0/-(£-£,) 


i),(£) [l+f ,E En) l kT ]-'dE- 


/%,(£) [l + «(£-£«)/« }-' d£ (A9) 

where 7},{E) is the trap density per unit energy per unit 
volume, and 0 is the potential of the bottom of the 
conduction band with respect to the system Fermi level. 
The first and second terms on the right of (A9) are the 
charge densities in the system and the electrodeless 
insulator, respectively. Integrating (A9) assuming 7} t is a 
constant in energy we have 


1 - (v,kT) In | 


1 + exp [{E c — E v — \fj)lkT]' 
lTexp(— 0/AT) 


<n^r> { ; -gg t «.«> 

Generally speaking 

1 <* exp [(Er< — E v )/kT], exp [(E r —E„ — <li)lkT] 

(All) 

1 > exp [(£ fi -£ r )Mr],exp (-0 IkT). 

Using the inequalities in (A 10) yields 

p » i)((£ c -£ff-</') = i7((i/<(-x-</')- (A12) 


^=(2^N ( kT/«) 1 ' , [exp(—i)—exp(—f^)r 


The quantity (E c - £< — 0) will be recognized as the energy 
difference between the system and the intrinsic Fermi 
levels (Fig, 2). 
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Abstract-Dielectric constant and spontaneous polarization (via hysteresis loops) measurements 
were made on ferroelectric KNO a (phase III) and NaNO z (phase III). The boundaries between the 
ferroelectric phases and adjacent regions received the most attention. 

In KN0 3 , the isothermal and isobaric I-III transitions exhibited sharp dielectric peaks at all 
pressures, with e max increasing with pressure. KN0 3 -I obeys a pressure Curie-Weiss law, with 
(1 ie(p)) T = ( p-po)IC*. At T = = -276 kbarand p 0 = 4*68 kbar. 

The KN0 3 Il-III isobaric transition involves a small jump in € (from 5 to 7-5 at p « 1-7 kbar) 
followed by a steady increase up to the III-I boundary. 

The NaNOjt isothermal 11I-IV transition was detected as a rather small break in the e(p) 
curve, with the discontinuity increasing at higher temperatures. The NaN0 2 IV-III isobaric transition 
failed to show a similar anomaly in e, although tan 5 has a maximum at the boundary. 

Polarization loops were obtained in KNOrlll, with P,(p) reaching a maximum of 8 ^Coul/cm 2 . 
Metastable KNO.rlH was observed at room temperature and room pressure after specimens had 
first been exposed to high pressures (1*7 to 4*0 kbar) while in region 111. In KN0 3 -I, k' ** dT Q fdp 
is approximately 25°C/kbar. 


1. INTRODUCTION 

Potassium nitrate and sodium nitrite are of 
particular interest among ferroelectrics. Both 
show first order, order-disorder[1,2] type 
transitions across the phase boundary be¬ 
tween the low-temperature ferroelectric 
region and the high-temperature non-ferro- 
electric region. Moreover, the crystal struc¬ 
ture of each is relatively simple, especially 
when compared with other order-disorder 
ferroelectrics (TGS and related compounds) 
[3]. 

The phase diagrams for NaN0 2 and KN0 3 are given 
in Figs. 1 and 2[4,5]. NaNO a has received considerable 
attention because it possesses an antiferroelectric 
region (phase II) in which the ordering parameter of the 
N0 2 ~ ions in the tf-plane changes sinusoidally along the 


* Supported in part by the U.S. Atomic Energy Com¬ 
mission. 

tPart of a thesis submitted by J. T. Leong in partial 
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a-axis with a period of 8 layers[6]. KNO s ’s most dis¬ 
tinguishing characteristic is the manner in which the 
ferroelectric phase must be approached at room pressure: 

(a) by heating approximately 10°C above the l-II 
boundary and then cooling back down to around 
120°C (Fig. 3 —the ferroelectric phase appears 
only during cooling from region I)[7], or, 

(b) by melting polycrystalline KNO a on a metal 
substrate [8], 

In the latter case, KN0 3 -II1 appears metastably at 
room temperature as well as at room pressure for periods 
up to a week. 

From the KN0 3 phase diagram, we can see that KN0 3 - 
111 is stabilized at higher pressures. Taylor and Lechner 

[9] obtained ferroelectric hysteresis loops using hydro¬ 
static pressure, but did not exceed 1-38 kbar. Dielectric 
measurements (Sawadaef a/.[l], Khodakov and Mirskaya 

[10] , Chen and Chernow[l 1]), have been made across the 
l-II boundary at room pressure, but such studies have 
not been extended to high pressures. 

Gesi, Ozawa, and Takagi[12] measured the dielectric 
constant across the III-II-l boundaries for NaN0 2 up 
to 10 kbar. Thus, Taylor and Lechner’s[9] (KNQ 3 - 
hysteresis loops) and Gesi’s (NaN0 2 — dielectric con¬ 
stant) are the only high pressure studies of the dielectric 
properties of these two materials. However, differential 
thermal analysis, volume discontinuity, and X-ray 
studies have been made mainly to establish the location 
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Fig. I. Phase diagram of NaN0 2 (phase boundaries in 
diagram are from Rapoport[51). 



Fig. 2. Phase diagram of KNO a (Rapoport and Kennedy 
[4]). 


of the phase boundaries.) The present work extends the 
two most direct methods of investigation (spontaneous 
polarization via hysteresis loops and dielectric measure* 
ments) into the high pressure regions. The main emphasis 
is on the behavior of the spontaneous polarization and 
dielectric constant at the boundaries between the ferro¬ 
electric region and all adjacent regions for both KNO„ > 
andNaNO s . 


I I 

I30°C 



H5*t I25*C 


Fig. 3. Schematic diagram of location of metastable 
KNO 3 -III. Upper: Upon increasing temperature, the 
transition II I occurs directly. Lower: As the tem¬ 
perature is lowered from phase I. the sequence is I —► III 
— II. 


2, EXPERIMENTAL PROCEDURE 

(a) Sample preparation 

KN0 3 and NaN0 2 boules were obtained through the 
courtesy of G. A. Samara, Sandia Corporation, Albuquer¬ 
que, New Mexico. The c-axis of KNO a and the b-axis of 
NaN0 2 are the directions along which spontaneous 
polarization occurs. AH specimens were cut into thin 
rectangular plates, with the faces of the plates perpen¬ 
dicular to the ferroelectric axis. 

The two KNO a boules were prepared by slow cooling 
of aqueous solutions of KN0 3 . Slabs, 1*5 to 2 mm thick, 
were cut perpendicular to the c-axis (the long axis of the 
boule) with a Laser Technology diamond wire saw. Each 
slab was then cut into one or two rectangular plates, 
having area 01 to 0*2 cm 2 . Each plate was glued onto a 
polishing jig and polished on 4/0 emery paper to a thick¬ 
ness of 0-05 to 0 07 cm. 

Electrodes were applied to all samples by painting 
silver conductive paint on the faces of the plates and 
drying a day or so in a desiccator. 

The NaN0 2 boules (about 4 cm long, with a cross 
section of approximately 0-2 cm 2 ) were grown from 
melts by P. Wilcox at Sandia. Cutting, polishing and 
painting procedures were identical to those used in 
preparing KN0 3 samples. 

(b) Pressure systems and fluids 

The initial measurements for both KN0 3 and NaN0 2 
were made at Sandia Corporation Laboratories using 
G. A. Samara’s 30 kbar[ 13] (pentane-isopentane) and 
14 kbar (Dow Coming 200 silicone oil, 3-0 cs) hydrostatic 
pressure systems. However, with the exception of the 
NaNCL dielectric constant data, all the results described 
here were obtained with two 10 kbar [14] systems at the 
University of Arizona. Silicone oil was used as the pres¬ 
sure fluid in the majority of the runs; hexane was used for 
some of the NaN0 2 runs around 10 kbar. Pressure was 
determined by Manganin resistance gauges calibrated 
against the freezing pressure of mercury at 0°C (7-492 
kbar). 

(c) Bridge and looper 

A standard capacitance bridge (General Radio type 
1620A) was used for all dielectric measurements. Most 
of the data presented here are based on measurements 
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at 10 kHz, although a few of the earlier runs (NaNO* 
dielectric constant) at Sandia were made at 100 kHz. No 
appreciable differences were observed in using these two 
frequencies. 

A modified Sawyer-Tower circuit was used fQr the 
hysteresis loop measurements. This circuit was designed 
at Sandia [15] and later modified (for reasons which will 
be discussed later) at The University of Arizona, 

(d) Specimen holder 

The inside diameter of the pressure vessel was 1 in 
with a chamber length of 6 in. Specimens were mounted 
in a holder consisting of two strips of linen-based phenolic, 
each with a small (0 05 cm 2 ) capacitance plate in the 
center. The strips were flexible enough to provide light 
spring action, thus ensuring adequate contact between the 
capacitance plates and the electrodes painted on the 
specimen faces, while minimizing the external stresses 
applied to the crystal. 

A chromel-alumel thermocouple was placed about 2 
mm away from the sample. Specimen temperature was 
controlled by an internal furnace consisting of nichrome 
wire wound non-inductively on a lavite hollow cylinder. 
A copper braid shield enclosed the specimen holder, 
with the shield grounded to the pressure vessel. 

3. DIELECTRIC BEHAVIOR 

(a)KN0 3 

Previous dielectric studies[l, 10,11] of 
KN0 3 at room pressure were confined to the 
II-I boundary (with temperature increasing) 
and back down (temperature decreasing) 
across the I-1II-II boundaries. These meas¬ 
urements were repeated in the present 
study; Fig. 4 shows a typical p = 1 bar, II-I 
transition at 10 kHz, along with the variation 
of thq loss tangent, tan 8. The peak in the 
dielectric constant (€ max = 74), matches that 
of Chen and Chemow [11]. 

At p = 0-66 kbar, the I-III transition gives 
a similar peak for e, but the loss tangent has a 
broader and stronger peak (Fig. 5). At these 
low pressures (0-5 to 1 -5 kbar), temperature 
hysteresis (approximately 4°C) was observed 
across the I-III boundary. 

The Curie-Weiss behavior of KN0 3 -I 
was investigated at 0-5, 1-0, and 1-5 kbar. In 
all these cases, region HI was approached 
through the II-I, p = 1 bar, transition in order 
to avoid the more destructive (Taylor and 
Lechner[9]) III-I transition at high pres¬ 
sures. 

Conductive losses in region I limited the 



Fig. 4. Dielectric constant and loss tangent of KN0 3 
across the 11-1 transition at p = 1 bar (increasing tem¬ 
perature). 
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Fig. 5. Dielectric constant and loss tangent of KNO s 
across the I-III transition at p— 0-66 kbar (decreasing 
temperature). 
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temperature range in which (1/e) was linear. 
At 0*5 kbar, this range was approximately 
12°C, and about 7°C at 1*5 kbar. Conse¬ 
quently, the extrapolated values for T 0 , the 
Curie-Weiss temperature, are rather im¬ 
precise, especially because typical T 0 values 
are so far from the linear regions (Fig. 6). The 
values for the Curie constant, C, show a 
slight increase up to 1 *0 kbar. 

Figure 7 shows an isothermal (T = 160 0 
±0*5°C) KN0 3 1-I1I transition. The peak in 
e is exceptionally sharp and is rather similar 
to the isobaric peaks. The inverse dielectric 
constant, (1/e), is also plotted against pressure 
in Fig. 7, and follows a definite Curie-Weiss 
pattern: e — C*l(p — /? 0 ), where C* = — 276± 
3 kbar and p 0 =* 4*68 ± 0*07 kbar (for Specimen 
A). At higher temperatures, C* decreases 
slightly and p 0 increases: C* — — 327 ± 9 
kbar, p 0 — 7*3 ±0*3 kbar at 180°C (for Speci¬ 
men C). 

Dielectric behavior across the 11-111 
boundary is shown in Fig. 8. A much smaller 



Fig. 6. Inverse dielectric constant vs. temperature for 
KNOa-I, showing linear (crosses) and non-linear (circles) 
regions as determined by computer fit. Error bars are 
for extrapolated values of T 0 {p). 
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Fig. 7, Dielectric constant and inverse vs. pressure at 
I60°C for the KNO s 1-111 transition. 

anomaly is evident, with € jumping to a value 
of 7*5 at the boundary and then steadily 
increasing up to the 1II-I boundary. The 
reverse 111-11 transition exhibits a small 
temperature hysteresis (approximately 2°C). 
Both transitions (11-111 and 1II-II) resemble 
the 1II-II (temperature decreasing) data of 
Sawada[l] at room pressure; however, the 
jump is much smaller (from 5 to 7*5) compared 
to the room pressure jump from 20 to 5: 

An isothermal run (T = 60°C) was made 
across the KNO ;j II-11I-IV boundaries, but 
the extreme sluggishness [l 6] of these two 
transitions made reliable measurements 
impossible. The isobaric (p = 5 kbar) IV-III 
transition was also studied, but again, the 
transition turned out to be quite sluggish; 
phase 111 was evident long after the nominal 
boundary had been crossed (the existence of 
metastable phase Ill being confirmed by 
hysteresis loops). 

(b) NaN0 2 

Gesi, Ozawa and Takagi[12] were unable 
to measure C for NaNO z l for p greater than 
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Fig. 8. Dielectric constant and loss tangent of KN0 3 at 
1-7 kbar across the 11-111 transition (increasing tempera¬ 
ture). 

0-5 kbar, because the linear region of (1/c) 
was too small. Since Gesi’s III-II-I measure¬ 
ments extended to 10 kbar, the present study 
focused on the other ferroelectric boundary 
(the I1I-IV). 

The III-1V transition is a much more 
gentle transition. Indeed, Rapoport[5] was 
able to detect isothermal (T = 26°C, and 
T = 72°C) transitions only by observing small 
volume discontinuities. At room pressure, 
Gesi[17] found the transition (at — 95°C) in 
the form of a slight deviation in the linearity 
ofc(T). 

The present study revealed that the iso¬ 
thermal III-IV dielectric anomaly at high 
pressures is also very slight (Fig. 9). The 
small jump in the e(p) curve is somewhat 
larger at 50°C. 

An isobaric (p= 13-0 kbar), IV-II1, transi¬ 
tion failed to show any distinctive dis- 



Fig. 9. Dielectric constant at 100 kHz vs. pressure for 
two isothermal NaN0 2 III-IV transitions (increasing 
pressure). 

continuity in €(7), but the boundary (at T = 
85°C) coincides with the top of a broad loss 
tangent peak (Fig. 10). 

Anomalies in both e and tan 5 (much larger 
than the anomalies at the III-IV boundary) 
were observed at 3-5 to 4 0 kbar (T = 25°C). 
The location of these anomalies shifted to 
higher pressures as the temperature was 
increased. Since NaN0 2 is quite soluble in 
water, moisture sensitivity was suspected as 
the mechanism behind the anomalies. There¬ 
fore, samples were dried 24 hr in a desiccator 
(filled with molecular sieves) after being 
mounted, and then introduced directly into 
the pressure vessel (filled with silica-gel-dried 
silicone oil). Under these conditions, the 
anomaly at 3-5 kbar vanished. The effect (i.e., 
the appearance or disappearance of the 
anomaly) could be reproduced by exposing 
the crystals to different humidities before 
immersing them in the pressure fluid. 

4. SPONTANEOUS POLARIZATION 

(a )KNO, 

The hysteresis loop circuit was originally 
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Fig. 10. Dielectric constant at 100 kHz and loss tangent 
vs. temperature for isobaric NaN0 2 1V-III transition 
(increasing temperature). 

a single-cycle pulser. Initial measurements 
gave distorted, assymmetrical loops. The 
circuit was then modified to provide a two- 
cycle loop and a continuous loop. The second 
cycle loop was completely symmetric, un¬ 
like the distorted primary. In all subsequent 
measurements, the 60 Hz a.c. field was either 
applied for 3 sec (with the scope trace trig¬ 
gered for one complete cycle at the end of the 
3 sec period), or, was applied continuously. 
Loops thus obtained were completely sym¬ 
metrical, square, and saturated (i.e., in¬ 
creasing the applied field beyond approxi¬ 
mately 2 x £ c , the coercive field would not 
result in larger P s , spontaneous polarization 
values). 

Taylor and Lechner [9] reported a large 
increase in the maximum value of P g (T) as 
p was increased to 1*38 kbar. This effect was 
ascribed to a large increase in the dipole 
moment (associated with the displacement of 
the N0 3 ‘ group with respect to the K + ion). 
If we plot P t ip) at T = 130°C (which lies in 
the middle of the P S (T) = maximum = con¬ 


stant region), we have a nearly linear P 9 (p) 
with an extremely large slope (Fig. 11). 

However, all the P s data of the present 
study failed to reproduce the rather large 
maximum P 8 values of Taylor and Lechner. 
All isobaric runs showed the same fairly rapid 
increase of P 8 (up to a nearly constant value) 
at the II-III transition, but the maximum 
P 8 's attained were well below those of Taylor 
and Lechner. Figure 11 shows the ‘flattening 
out’ of the P g (p) curves (T = 130°C). 

The lower curve in Fig. 11 shows P 8 values 
obtained with 3-sec pulses; each point rep¬ 
resents a virgin crystal (one that has just 
entered phase III along an isobar). The upper 
curve gives P 8 values for a crystal that had 
been exposed continuously to the applied 
field; moderately greater values for P g are 
evident, although the maximum P s 's are still 
far below those of Taylor and Lechner. The 
difference between the 3-sec pulse crystals 
and the continuous field crystals disappeared 
when the 3-sec pulse was increased to 
approximately 30 sec; then, each crystal 



Fig. 11 . Pressure dependence of spontaneous polariza¬ 
tion and coercive field of KN0 3 -I1I at 130°C. Data of: 
• Taylor and Lechner [a]; + present study, 3 sec pulses; 
O present study, continuous loops. 
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would have the same higher P 8 . However, 
the only P 8 value that was close to the large 
Taylor and Lechner values was 10/xCoul/ 
cm 2 , obtained with a crystal that was deterior¬ 
ating (the loop corners suddenly became round 
and breakdown occurred when an attempt was 
made to reach loop saturation). 

All P g data were obtained with virgin 
crystals. Attempts were made to use the 
same crystal after it had traversed the II-III 
boundary, crossed back down (III-II) and 
back up into the ferroelectric region, but 
invariably, such a procedure damaged the 
crystal. This could be seen from the round 
loop comers and from the fact that saturation 
could not be achieved; P s would increase 
with applied field right up to breakdown (22 
kV/cm), although P g would still be less than 
the value attained with the virgin crystal. 

Perfect loops could also be obtained by 
passing the crystal through the II-I, p = 1 
bar, transition, increasing p, and then lower¬ 
ing T until phase III was reached. The maxi¬ 
mum P g values reached in this manner also 
coincided with the results in Fig. 13. 

One of the more startling aspects of KNO a 
behavior is the ability of ferroelectric phase 
III to exist metastably at room pressure and 
room temperature. At 1-7 kbar, KN0 3 
samples were lowered through the III-II 
boundary to 25°C, without affecting P 8 . As 
Davis and Adams [16] have observed through 
X-ray studies, KN0 3 1I1 does not transform 
as a whole, but parts of the crystal remain in 
phase III long after the nominal boundary 
has been crossed. However, hysteresis loops 
were still observed after the pressure had 
been lowered to 1 bar. Even with the pressure 
vessel completely disconnected from the 
pump, loops would persist for 10 to 20 min 
before finally being degraded into loss loops. 

Phase III seemed to be ‘locked in’ even 
longer when the crystal had been exposed 
to higher pressures (4 0 kbar) before being 
transferred back into region II. The same 
effect was observed for a crystal that was 
lowered into region IV (at 4*7 kbar) down to 


40*C, then brought back across the IV-III-II- 
boundaries. Typical metastable values for P t 
and E c were 4*7 /i,Coul/cm 2 and 4*4 kV/cm 
compared to Noljta and Schubring’s 3*5 
ju-Coul/cm 2 and 6 kV/cm for polycrystalline 
KN 0 3 melted on a metal substrate [8]. 

(b) NaNOi 

The P 8 (T) behavior of NaN0 2 at 10, 3*0, 
and 5 0 kbar is given in Fig. 12. In Fig. 13, 
the isothermal (T = 164°C) behavior of P g is 
plotted as a function of p. At higher pressures, 
the loop degenerates into a loss ellipse. 

In contrast to the case of KN0 3 , the co¬ 
ercive field, E c , of NaN0 2 is strongly de¬ 
pendent on the applied field. This has been 
previously mentioned by Sawada[2] and does 
not affect the P g results. 

Single-cycle NaNO z loops were distorted, 
but the loop assymmetry was less pronounced 
than in the case of KN0 3 single-cycle loops. 
Moreover, there was no discernible differ¬ 
ence between the 3-sec loops and continuous 
loops. 



Fig. 12. Temperature dependence of spontaneous polar¬ 
ization and coercive field of NaNO a -III on three isobars. 
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Fig. 13. Pressure dependence of spontaneous polariza¬ 
tion and coercive field of NaN0 2 -Ill 

5. DISCUSSION 

(a)KN0 3 

A reasonable assumption to make is: 

C(p > 0-5 kbar) •» C(p — 0-5 kbar) 

= 6440 ± 110°C, 

using the data of Fig. 6. Let us further 
assume that T 0 (p) is linear: 

r«(p)= r„(0)+ *•'/». 

where 

k' = d7o(/?)/dp. 

Then, 

1 _ (P ~Pn)r _ T' — T n {p) 

«(p)r C*(D C 

-*'p (r-7~ n (0)) 

c c 

This equation represents the intersection of 
the l/e(p) r straight line with the entire family 


of 

1/e(T)„= 

straight lines (for/? ^ 0*5 kbar). 

Thus, k! = - C/C* = 23-3 ± 0-6°C/kbar 
and r-T 0 (0) = (- PoO/C* gives 7 o (0) = 
50*4±4 ( 5°C, in contrast to the measured 
room pressure value of T o = 40°C, obtained 
from the data of Fig. 4. From the € ma x data 
(Fig. 14) and the relation l/e ma * = (T c —T 0 )/C, 
we have k' = 26*7 ± l*2°C/kbar and an extra¬ 
polated T o (0) of 46*8±2*3°C, again assuming 
that C(p ^ 0*5 kbar) = 6440°C. This is in 
rough agreement with the other value for k\ 
Both estimates are limited by the imprecise 
value of C. 

The spontaneous polarization results show 
a large discrepancy between Taylor and 
Lechner’s[9] P s (p) and P a (p) results of the 
present study. All results (3-sec pulses and 
continuous loops) indicate that P 8 (p) begins 
to level off at or before 1 *5 kbar. The initial 
rise in P s (p) has been suggested[18] as evi- 



Fig, 14. Pressure dependence of maximum dielectric 
constant and Curie-Weiss temperature for KNO»-I* 
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dence that the long range order in phase III 
is (initially) limited by the proximity of the 
I-III boundary. 

Taylor and Lechner[9] reported that there 
were no appreciable differences between the 
polycrystalline and single-crystal results. 
Hence, we must rule out orientation error 
(in aligning the single-crystals) as the source 
of the discrepancy. 

Attempts were made to determine the 
entropy change across the III-IV boundary 
by measuring the jump in P s at the transition. 
However, phase Ill would persist meta- 
stably long after the nominal boundary had 
been passed. 

(b) NaN0 2 

The III-IV transition was interpreted by 
Gesi [17] as evidence of the activation of a 
N0 2 “ ion vibro-rotatory state. Gesi’s thermal 
expansion data and infrared reflectivity 
measurements (for determining the wave 
number shift of the v 2 bending vibration mode) 
at — 95°C and atmospheric pressure, show 
much smaller changes across the III-IV 
pressure results of Rapoport’s[5] volume 
compression measurements. 

The dielectric data of the present study 
support Gesi's suggestion that the anomalous 
change* in physical properties across NaN0 2 
III-IV is enhanced at higher pressures. Figure 

9 shows the difference between the transition 
at 7-2-7-4 kbar (22°C) and the transition at 

10 0-10*5 kbar (50°C). The corresponding 
points on the phase diagram are indicated in 
Fig. 115, 17. 19]. 

The isobaric transition (Fig. 10) is some¬ 
what harder to detect, but the gradual varia¬ 
tion of e suggests a second order (or higher) 
transition. Indeed, the rather small anomalies 
across III-IV indicate that phase IV may not 
be appreciably different in structure from 
phase III. If so, an obvious question arises: 
Is phase IV also ferroelectric? At 140°C, 
P 8 loops were observed to 5 kbar; the loop 
started unsaturated (round comers) at room 


pressure and gradually deteriorated into a 
loss ellipse around 5 kbar. 

Next, an attempt was made to follow the 
loop development at 180°C. The loops first 
appeared at 1*4 kbar and were square and 
fully saturated. However, as the pressure 
was increased, P 8 reached a maximum of 
approximately 7/iCoul/cm 2 (around 6 kbar) 
and then started to decrease. E c increased 
throughout this pressure range at a rate com¬ 
parable to that shown in Fig. 13. 

Since the pressure system was limited to 
9*5 kbar, the loops could not be followed out 
to the III-IV phase boundary at 20 kbar. 
Nevertheless, from the behavior of E c (p ), 
one could predict that the loop would flatten 
out and close completely before reaching the 
boundary. Hence, the entropy change across 
the boundary cannot be found from loop 
measurements. 

A similar situation exists at room pressure: 
As the temperature is decreased from T c , 
the loop becomes more rounded, deteriorates 
into a loss ellipse (130°C) and is finally 
flattened out at 120°C. E c increases at a rate 
of 0*05kV/cm/°C[20]. However, P s can be 
measured through pyroelectric measure¬ 
ments all the way down to room temperature 
[21]. Thus, the question of ferroelectricity 
in phase IV would best be answered through 
pyroelectric measurements. 

The high pressure dielectric data of Gesi, 
Ozawa and Takagi [12] do not yield direct 
measurements (i.e., through \fc(T)) of C and 
TV Takagi and Gesi [22] interpreted the non¬ 
linearity of l/e above T N as evidence that the 
(residual) short-range order of the anti- 
ferroelectric phase exists up to approximately 
T n + 15°C. 

Gesi, Ozawa and Takagi [12] obtained a 
pressure variation of the Neel temperature, 
dT N idp = 5-6°C/kbar. From Gesi’s phenome¬ 
nological theory [23] (dT s ldp)l(dTjdp) = 
M3, based on X-ray measurements by 
Yamada et ai[ 6] and Gesi[23]. Then d T 0 (jp)l 
dp - 4*96°C/kbar. 

The expression 



2602 


J. T. LEONG and R. M. EMRICK 


n/e ) = LM^LM 

is strictly true only if the Curie-Weiss law 
holds above T N < However, we can use it to 
obtain a rough estimate of k' from Gesi’s 
dielectric data [12]. The dielectric peaks (at 
the Neel temperature) at 0*57, 2*55, 4*00 and 
5*95 kbar, are, respectively, 3220,2810, 2010 
and 1570. Using C = 5130°C[21] (and 
assuming that C(p) = constant), we have k' 
= dTjdp = 5*28 ± 0*06°C/kbar, T„(0) = 
164*1 ±0*2°C. This is surprisingly close to 
the other value of k! (and to Nomura’s[21] 
T o (0) = 163°C), but the close agreement 
should not be taken too seriously, since 
Curie-Weiss behavior begins only above 
T n + 15°C. 

Finally, we can utilize the P„ data. From 
Gesi’s theory[23], T/T () = (S f + A 0 5/)/tanh~ 1 
S f , where S f , the long range ordering para¬ 
meter, = PJ N//. N and p are, respectively, 
the concentration and the dipole moment of 
the molecular dipoles. The parameter A 0 
is related to the elastic energy contribution 
to the dipole interaction energy. Near the 
transition, 

. 3(i-r/T 0 ) , 

5/ 1 “3A 0 • 

using the P 8 data, this yields k' — 4*2±0*3 Q C/ 
kbar (Fig, 15), a value moderately lower 
than the ones based on dielectric and X-ray 
data. 

6 . CONCLUSIONS 

KN0 3 -I exhibits Curie-Weiss behavior in 
pressure, with a well-defined pressure Curie 
constant and extrapolated Curie-Weiss 
pressure. The peak values of the dielectric 
constant at the HII boundary, € max , increase 
with pressure. These two results permit a 
rough estimate of k ' = dTjdp to be made 
(*' =* 25°C/kbar). 

In region III, P B (p ) gave maximum values 
well below those reported previously [9]. 



Fig. 15. Pressure dependence of Curie-Weiss tempera¬ 
ture for NaNO* 

Metastable KNCVIII at room pressure and 
temperature could be induced by first ex¬ 
posing the crystal to high pressures (1*7 to 
4 0 kbar) around 130°C. Typical P s values 
for metastable KN0 3 -I1I compare favorably 
with poly crystalline KN0 3 on metal sub¬ 
strate [8]. 

The NaN0 2 1II-IV transition showed a 
slight discontinuity in the €{p) curve, with the 
effect enhanced at higher temperatures. The 
question of ferroelectricity in phase IV could 
not be answered since E c (p) increases fairly 
rapidly. Calculations based on P„(T) at 
different pressures yield k! — dTjdp = 4*2°C/ 
kbar, a value somewhat lower than those 
provided by dielectric and X-ray measure¬ 
ments. 
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SPECTRAL SENSITIZATION OF PHOTOCONDUCTIVITY 
ON THE SURFACE OF ZINC OXIDE CRYSTALS UNDER 
CLEAN CONDITIONS 
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Abstract-A merocyanine dye is evaporated in ultrahigh vacuum onto the clean surface of ZnO single 
crystals. From absorption measurements the dye-coverage can be evaluated. The initial slope of 
photoconductivity is used to study the spectral distribution in a vacuum before and after dyeing and 
finally after admission of oxygen. Because of the short exposure to light photochemical changes of the 
state of the crystal surface are negligible. 

The evaluated absolute quantum yield is limited by trapping of electrons, A density of states for 
these traps is estimated. The relative quantum yield of the sensitized photoconductivity referred to the 
yield in the intrinsic absorption region exceeds the number 1 by a factor of 2 resp. 5. 


1. INTRODUCTION 

Photoconductivity of ZnO has been ob¬ 
served in the fundamental absorption region, 
i.e. at wavelengths shorter than about 380 nm 
[1]. Because of the small penetration depth of 
about 10~ 5 cm the carriers are freed near the 
surface of the crystal and the photoconductiv¬ 
ity depends on the surface conductivity in the 
dark. The mobile carriers are electrons in both 
cases. By adsorption of organic dyes the 
photoconductivity can be sensitized to longer 
wavelengths in the visible spectral region, 
where ZnO is transparent [2]. The light energy 
absorbed in the dye molecules is transferred 
to the crystal and causes an increase of carrier 
density near the surface. Several models have 
been proposed for explanation [4], The pur¬ 
pose of the present paper is not a discussion in 
favour or against one of these mechanisms. 
We feel, that for understanding of the spectral 
sensitization it might be helpful to do some 
experiments under clean and well defined 
conditions. Therefore solvents and binders 
are avoided. Since sensitization by adsorbed 
molecules is a surface phenomenon, the dye is 
evaporated on clean surfaces of single crystals 
in an ultrahigh vacuum. Thus an influence of 
adsorbed gases can be excluded. The spectral 


distribution of photoconductivity is measured 
in the same vacuum. 

2. EXPERIMENTAL 

The crystals were grown in this laboratory 
from the vapor phase (Fig. 1). For lowering 
of the n -type conductivity which is caused by 
an excess of zinc about 10 18 cm -3 Cu atoms 
were added during growth [1]. The surfaces 
were used as grown and cleaned by heating 
the crystal to about 400°C for a few minutes 
in an ultrahigh vacuum immediately before 
beginning of the measurements. During baking 
of the vacuum system (200°C) the dye was 
protected by water cooling (Fig. 2). For 
evaporation the Ni vessels were emptied 
magnetically and the dye fell down into the 
furnace. By turning the cylinder the crystals 
were moved between window and furnace. A 
sorption pump and a combination of ion and 
getter pumps generated a vacuum of lO" 10 
Torr. 

Absorption measurements were performed 
with a spectrometer (Cary 15). The crystal 
was irradiated by a tungsten-iodine lamp 
through a monochromator with a quartz 
prism. The magnetically operated shutter had 
an opening time of 10~ 3 sec and was triggered 
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Fig. 2. Cross section of the vacuum vessel with the 
systems for cooling, transfer and evaporation of the dye. 


by the oscilloscope. A thermocouple served 
for measurement of irradiation intensities. 
The change of conductance during irradiation 
was photographed by means of a Robot 
camera from an oscilloscope (Tektronix 543 
with 1 A 7 plug in unit). The rise time of the 
electric outfit was 10 -5 sec. 

3. RESULTS AND EVALUATION 
3.1 Absorption and coverage 
The seisftfeer was a merocyanine with the 
following structure: 



The broadening of the absorption band for the 
dye on the crystal surface [4] is also found 
after dyeing from solution (Fig. 3). Further¬ 
more extended studies proved, that no change 
of absorption in ethanolic solution or of 
sensitization was induced by evaporation of 
the dye. Sublimation starts at about 100°C, 
decomposition becomes obvious at 250°C. 
After a check of Beer’s law for the solution, 
absorption measurements were used for deter¬ 
mination of coverage, i.e. of the number of 
dye molecules per cm 2 on the crystal surface. 
Since the orientation of the adsorbed mole¬ 
cules is not known, we do not attempt to 
estimate the number of monolayers. 

The first method for determination of cover¬ 
age is based upon the questionable assump¬ 
tion, that the absorbing crossection of the 
molecules as found in ethanolic solution is not 
changed very much by formation of an ad¬ 
sorbed layer on the ZnO surface. In the 





Wavelength K 

Fig. 3. Absorption spectrum of the dye in solution and 
after evaporation onto the crystals. 
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second method the dye is solved from the 
crystal by a small amount of ethanol under 
ultrasonic treatment. The absorption of this 
solution gives the coverage. Results of the two 
methods are shown in Table 1. 

3.2 Conductance of the crystals in the dark 

The bulk conductivity of the crystals was 
derived from the conductance in air. In this 
case the adsorbed oxygen creates a poorly 
conducting depletion layer whose thickness of 
about 10 _5 cm is small compared to the dia¬ 
meter of the crystal. By the baking and 
heating procedures described in Section 2 the 
adsorbed oxygen is removed and a small 
surface conductivity of about 10 ~ e A/V is 
generated (Table 1, AN 0 ). For the surface 
conductivity Ac r the following relations hold: 

Acr= (g — g b ) X^ = eX /a X AN, (1) 

with g = i/U = \/R total conductance of the 
crystal (bulk and surface in parallel), 

g b — conductance of the crystal only from 
bulk conductivity, 

/ = length of the conducting surface 
between the electrodes, see Fig. 1. 


w — width of the conducting surface, 
e = electronic charge, 
fj, s = surface mobility of conduction elec¬ 
trons in the accumulation layer, 

' AN = excess density of electrons per sur¬ 
face area, here: in the accumulation 
layer. 

For a more precise definition see [6]. Since the 
bending of the bands at the surface was not as 
strong as to require a correction of mobility, 
the bulk value was used for evaluation of 
electron density = 114cm 2 /Vsec[3]). From 
Table l it can be seen, that in every case the 
density of electrons at the surface in the dark 
is increased by evaporation of the dye. 

3.3 Spectral distribution of photoconductivity 
If good contacts are used the photocurrent 
is proportional to the applied voltage and 
confined to a thin surface layer. This has been 
shown for the case of intrinsic absorption! 1] 
and holds as well for the sensitized photo- 
current. Therefore the results will be given in 
terms of a surface conductivity. 

An organic dye layer exhibits a photo¬ 
conductivity itself[4, 7]. The resulting photo¬ 
conductance might contribute to the observed 


Table 1. Experimental results for three ZnO crystals . The electron density 
AN is calculated using equation (1). The quantum yields per incident photon 
rp and per absorbed photon rj a are explained in equations (2) and (3). Allowance 
is made for reflectivity: 20 per cent at 370 nm and 10 per cent at 520 nm 


crystal number —► 

property 

i 

3 

9 

8 

Bulk conductivity <j h ^ ^ 

9 X 10" 5 

1*2 x 10 -4 

11 x I0 -4 

Excess surface electron density 




before dye evaporation A N 0 [cm -2 ] 

2*7 x 10" 

3 x 10“ 

2*5 x 10" 

Excess surface electron density 




after dyeing A jV* [cm -2 ] 

51 x 10 11 

8*8 x 10" 

1 x 10 12 

Dye coverage [cm -2 ] method 1 

<10‘ 3 

3 x 10 u 

6*5X10" 

method 2 

not measurable 

1 x 10 15 

6*3 x 10" 

Relative quantum yield ^1—-1 

Tj, (371); 

0017 

0*37 

0-48 

Relative quantum yield ^ 

i? a (370) 

— 

55 

2*2 
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photoresponse. However an estimation using 
published data, showed, that this phenomenon 
should be negligible. An additional check was 
performed in this work: A glass plate with 
evaporated dye was studied instead of the 
ZnO crystal. Therefore the relative contribu¬ 
tion of the dye layer should be less than 
10 - 4 . 

For evaluation of the spectral distribution 
not the steady state of photoconductivity was 
studied but the initial slope (Fig. 4). This 
method has several advantages: in many cases 
a steady state is reached only after prolonged 
irradiation. It can be questionable to specify a 
steady state at all [9]. The decay takes also a 
long time and may never become complete in 
a vacuum. These tedious phenomena can be 
attributed to photolysis[8]. Thereby oxygen is 
freed and donors of excess zinc are created at 
the surface. For observation of the initial 
slope only short light pulses are needed and 
there is no irreversible increase of surface 
conductivity. These measurements are not 
only time saving but also more reliable. 
Henceforth a quantum yield can be derived 
without knowing the life time of excited states. 
This question has been discussed already by 
Heiland and Neuhaus[9]. These authors also 
give comparisons for the spectral distribution 
of steady state and of initial slope of photo¬ 
current. 

Undyed crystals showed photoconductivity 
only in the intrinsic absorption region. After 
evaporation of the dye onto the clean surface 



Fig, 4. Measurement of the initial slope of photoconduc- - 
tivity. Drawing after a photograph. 


a broad band of photoconductivity appeared 
at longer wavelengths. The spectral distribu¬ 
tion corresponds to the absorption of the dyed 
crystal as measured after removal from the 
vacuum system. The intrinsic photoconductiv¬ 
ity is not changed by dyeing. Figs. 5, 6 and 7 
give examples for different coverage. Subse¬ 
quent admission of oxygen does not cause any 
measurable change of the spectral distribution 
of the initial slope, whereas the total surface 
conductance in the dark decreases by a factor 
of 3 to 10. 

It was checked, that the initial slope is 
exactly proportional to the irradiation inten¬ 
sity. Thus a correction for equal current 
density of light quanta throughout the spec¬ 
trum can easily be made. At X = 520 nm the 
incident intensity was 18 times larger than at 
A = 370 nm. 


3.4 Yield 

From the initial slope of photoconductivity 



Fig. 5. ZnO crystal 9. (a) Spectral distribution for the 
initial slope of photoconductivity after various pre- 
treatments, referred to an equal density of incident 
photons /„ — 1-5 x 10 u cm -2 sec“’. (b) Absorption spec¬ 
trum of the crystal after dyeing, (c) Absorption constant 
near the edge measured on a thin single crystal without 
doping and dye. After Liang and Yoffe f 11 j. 
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Fig. 6. ZnO crystal 8. (a) Spectral distribution of the 
initial slope of photoconductivity after various pre- 
treatments, referred to an equal density of incident 
photons /o =- I -5x 10 14 cm -2 sec" 1 , (b) Absorption spec¬ 
trum of the crystal after dyeing. 

a yield is derived with two different defini¬ 
tions:* 



400 500 600 nm 700 

Wavelength A. 


Fig. 7. ZnO crystal 3. Spectral distribution of photo¬ 
conductivity after various pretreatments, referred to an 
equal density of incident photons I 0 ~ 1-5 x 10 14 cm -a sec -1 . 
The coverage is lower than for the other two crystals. 

4. DISCUSSION 

4.1 Surface conductivity in the dark 

The evaporation of the dye always increases 
the electron density at the surface (Table 1). 
The increase remains several orders of magni¬ 
tude below the coverage with dye molecules. 
However, the same electron traps might be 
effective for changes not only of photo¬ 
conductivity (Section 4,3) but also of dark 


_ number of freed electrons per time and area /57V\ I j ^2) 

^ number of incident photons per time and area \ dt /, / 0 ^ 


(X) = nurn ber of freed electrons per time and area _ /8N 
r}n number of absorbed photons per time and area ~ \ d/ 


)A 


(3) 


The derived yields are of the order of 10~ 3 to 
10^ 2 , also in the intrinsic absorption region. 
An explanation is given in the discussion. To 
check the efficiency of sensitization it may be 
helpful to relate the yield in the sensitized 
spectral region (k = 520 nm) to the yield for 
intrinsic absorption (A = 370nm). These 
numbers are given in Table 1. 


surface conductivity [14]. Under this assump¬ 
tion the electron density injected into surface 
traps by dyeing could exceed the increase of 
density in the conduction band (AN d — AN 0 ) 
by orders of magnitude (Table 1). A similar 
result has been found with another dye on 
ZnO crystals. Thus for these two dyes the 
‘barrier model’ can not hold, which has been 
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proposed for some other dyes and ZnOflO]. 
According to this model electrons from the 
crystal surface are trapped at the dye mole¬ 
cules in the dark and freed again by illumina¬ 
tion. Therefore dyeing should cause a decrease 
of the dark conductance of the ZnO. Further¬ 
more the photoconductance should never 
exceed the initial decrease of dark conduc¬ 
tance. Both predictions are not fulfilled for the 
two dyes studied on single crystals in this 
laboratory [9]. 


4.2 Spectral distribution of photoconductivity 

Photoconductivity in the intrinsic absorp¬ 
tion region is not influenced measurably by 
the dye. The absorption constant has been 
determined by Liang and YofFe [11] with 
polarised light for thin platelets of ZnO (Fig. 
5(c)). There are maxima for £ || c at A = 
368*8 nm and for Elc at A“ 372*5 nm. 
The maximum of the initial slope of photo¬ 
conductivity in Figs. 5, 6 and 7 for irradiation 
with unpolarised light is situated at 370 nm. 
This corresponds to a quantum energy of 
3*34 eV, whereas the gap from Faraday effect 
[12] is 3-35 eV (E 1 c) and from electro¬ 
reflectance [13] 3*31 eV (£ 1 c). 

The spectral distribution of the sensitized 
photoconductivity follows the absorption. 
The broadening of the band is due to aggre¬ 
gates of molecules and possibly also due to 
an interaction with the surface (Figs. 3, 5, 6, 
7). 

In former work a strong influence of the 
adsorption of oxygen on the surface photo¬ 
conductivity of ZnO has been observed [14]. 
With decreasing dark surface conductivity 
also the photoconductivity was diminished. 
The lack of a similar effect in the present work 
might be explained by a blocking action of the 
adsorbed dye against oxygen adsorption. The 
observed decrease of dark conductivity may 
be due mainly to parts of the crystal which 
are not <^ped by the dye (Figs. 1 and 2). 
largest by a factor of ten happened 


at the crystal with very low coverage (No. 3). 
4.3 Yield 

The low value of the absolute quantum 
yield in the order of 10“ 2 or 10“ 3 can be 
attributed to the trapping of electrons during 
the rise of photoconductivity. It has been 
shown some time ago that there exists a close 
relation between surface photoconductivity 
and field effect on ZnO crystals [14]. The 
field effect mobility increases through several 
orders of magnitude with the surface conduc¬ 
tivity. This reproducible fact can only be 
explained by the assumption of surface states 
acting as traps for electrons. A drift mobility 
derived from photoconductivity follows close¬ 
ly the field effect mobility. Therefore the same 
traps should be effective in photoconduction. 
A density of states for the surface traps S E 
can be estimated from data of the present 
work under the assumptions, that each ab¬ 
sorbed photon initially frees one electron, and 
that there is a continuous distribution in energy 
near the Fermi level: S E ~ 1 x 10 15 cm -2 eV -1 . 
According to the experimental method only 
traps with a response time below 10 -3 sec are 
included. Also before dyeing the yield lies in 
the same order of magnitude for the intrinsic 
absorption region. Therefore the traps are due 
to the crystal and not to the dye. The exposure 
to oxygen does not change the estimated 
density of states on the dyed surface. 

For information about the efficiency of 
sensitization it is reasonable to discuss the 
relative quantum yield (Table 1). If referred 
to an equal number of incident photons it 
should be especially sensible to the coverage. 
A more systematic study of this effect is 
planned. If only the absorbed quanta are 
counted for evaluation of the relative yield, 
it can be seen, that the efficiency for quanta 
absorbed in the dye is 2 resp. 5 times higher 
than for quanta absorbed in the crystal within 
a penetration depth of about 10 -fl cm. At 
present not yet enough data are available for 
a more detailed discussion of the transfer of 
energy or charge. 
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5, CONCLUSION 

Although no model is proposed, the present 
work may show that it is possible to study 
sensitization under clean conditions. No 
barrier layer and no adsorbed oxygen are 
required for the sensitization of photocon¬ 
ductivity on ZnO. By measuring the initial 
slope photochemistry is avoided and a quan¬ 
tum yield can be estimated. The clean surface 
of single crystals dyed in ultrahigh vacuum is 
open now for a variety of experimental 
methods which are approved in surface 
physics. 
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Abstract-Bulk ingots of InAs^^P, alloys have been prepared throughout the entire composition 
range by pulling from the melt using both the Gremmelmaier and liquid encapsulation methods. This 
paper reports on the growth and general characteristics of these alloys. The ingots were pulled from 
both stoichiometric and non-stoichiometric melts. In order to grow an alloy of a prespecified com¬ 
position, the liquidus-solidus phase diagram was investigated. The resulting phase diagram differs 
substantially from that previously reported in the literature. The electrical properties of the as-grown 
alloys have been measured, and distribution coefficients and solubility limits of the m^jor dopants were 
determined. The majority of the work focused on the 80-90 mole per cent InP range, since primary 
interest was in material suitable for light emission around 1*06 /x. 


1. INTRODUCTION 

The InAs-InP alloy system has recently 
received attention since its bandgap range 
covers the near-i.r. spectral region which 
contains the neodymium-doped glass and 
Y AG laser wavelengths. It has been used as a 
highly efficient photocathode [1], giving 
greater than an order of magnitude improve¬ 
ment over the SI cathode at 106/x, Similarly 
laser diodes have been fabricated [2] which 
emitted at 1 06 fi and which were matched to 
a Nd-doped glass amplifier[3]. The system 
has also been suggested as a prime candidate 
for Gunn oscillators [4] due to a favorable 
combination of main energy gap, intervalley 
gap and electron mobility. 

Early attempts to prepare these alloys are 
summarized in a paper by one of us [5]. That 
work reported growth of small bulk crystals 
by a halogen vapor transport technique. Since 
that time two reports have been made of 
epitaxial growth using the arsine/phosphine 
vapor transport technique. In one of these the 
alloys were deposited on InAs substrates [6], 


*Work partially supported by the Office of Naval 
Research, Physics Branch, Washington, D.C. under 
Contract Nos. N00014-68-C-0219 and N00014-69-C- 
0415. 


which were lapped off to enable electrical 
measurements to be made. In the other deposi¬ 
tions were made on GaAs and GaP high 
resistivity substrates[7,8], 

In this paper we report the growth and 
properties of single phase bulk InAst-^Pj. 
alloys across the entire alloy composition 
range. Although most of the ingots were poly¬ 
crystalline, the results apply equally well to 
single crystal material. The earlier references 
to the photocathodefl] and laser[2, 3] appli¬ 
cations used this large-grained polycrystalline 
material by effectively isolating single grains, 
so its utility for investigation programs has 
been good. Parts of this work have been 
presented previously [9, 10]. 

2. GROWTH 

The bulk ingots were prepared by pulling 
from the melt using either the Gremmelmaier 
[11] or liquid encapsulation[12, 13] methods. 
Our initial experiments indicated UMglrin both 
growth methods it was desirable to start with 
the compounds in the initial charge rather than 
the elements. The preparation of InAs was 
accomplished by casting in a two-zone furnace 
or by Czochralski pulling. However, the 
preparation of InP was complicated by the 
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high phosphorus pressure needed over a 
stoichiometric melt. Therefore, a directional- 
freeze apparatus was used in preparing the 
InP. The phosphorus temperature was con¬ 
trolled dose to 450°C, so that a phosphorus 
pressure of 1-2 atm was maintained in the 
chamber. The initial temperature of the main 
charge was held above the melting point of 
InP (1,060°C) for several hours allowing 
reaction with the phosphorus. The tempera¬ 
ture of the furnace was then slowly cooled 
over a period of about two days until the entire 
charge was frozen. The material produced in 
this manner was polycrystalline with large 
grains and was quite suitable for use as source 
material in the growth of the alloys. A full 
account of the growth properties of InP is 
being published elsewhere [14]. 

The starting charge in the Gremmelmaier 
sealed-tube method consisted of InAs, InP, 
and enough excess arsenic and/or phosphorus 
to establish a pressure of 1-3 atm over the 
melt. The apparatus used is shown in Fig. 1. 
The sealed quartz chamber was held at a 
temperature at least high enough to keep the 
excess arsenic and phosphorus in the vapor 
state. The melt was contained in a quartz 
crucible and was heated by a graphite suscep- 

¥ 



Fig. I. Ggraun of apparatus used for pulling crystatrof 
by the sealed Czochralski technique. 


tor coupled to a 450 KHz RF generator. The 
graphite susceptor was either baked out under 
vacuum (10~ 4 torr) for several hours at 900- 
1,000°C or sealed in quartz in order to 
minimize contamination. 

The apparatus used in the B 2 0 3 liquid 
encapsulation method has been reported 
previously[10, 15] and is shown in Fig. 2. A 
quartz tube was sealed at both ends by O-ring 
flanges so that a vacuum or positive pressure 
could be maintained in the growth chamber. 
The melt was covered with a layer (— 1 cm 
thick) of boric oxide, and a pressure of 2- 
3 atms was maintained over the B 2 0 3 surface 
in order to keep the volatile arsenic and phos¬ 
phorus in the melt. Initially a resistance heater 
was used to bake out the boric oxide glass in 
situ at —650°C under a vacuum of 10“ 4 torr. 
Then the system was pressurized with N 2 and 
an r.f. heater was substituted for melting the 
charge and subsequent pulling. Again a quartz 
crucible and graphite susceptor were used. 

The pulled ingots were generally about one 
cm in diameter and 3-5 cm long, weighing 15- 
30 g. Grain sizes were often a few mm 2 by 
5-10 mm long with the long axis parallel to 
the growth direction. Figure 3 shows typical 



Fig. 2. Diagram of apparatus used for pulling crystals by 
the Czochralski technique under BsO s glass. 
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(a) (b) 

Fig. 3. Photographs of ingots of InAst-jP* (x ~ 0*8) grown by (a) the sealed system and (b) the 

liquid encapsulation technique. 
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ingots having x — 0*8 (Le. InP rich) grown by 
the Gremmelmaier and liquid encapsulation 
methods. The scaliness at the base of the ingot 
grown using the liquid encapsulant is not due 
to poor crystalline quality, but rather is the 
region where the ingot was rapidly removed 
from the B 2 0 3 and thus some glass froze on 
the ingot and upon cooling cracked the sur¬ 
face. The boric oxide encapsulation process 
was found to consistently yield larger-grained 
ingots than the sealed-tube technique. 

When growing alloys from melts containing 
greater than 50 mole per cent InP by either 
method, it was necessary to use non-stoichio- 
metric In-rich melts in order to keep the 
equilibrium melt pressure less than 3 atm, i.e., 
in order to prevent volatilization. Ingots were 
grown from non-stoichiometric melts which 
contained as much as 60 at. % indium. Pull 
speeds of about 1 mm per hour were used 
when pulling from non-stoichiometric melts, 
while more rapid rates (3-6 mm per hr) were 
suitable when growing from stoichiometric 
melts [16]. 

After experience with both systems the 
liquid encapsulation technique was selected 
as being the most satisfactory for several 
reasons. The pull speed needed for alloys from 
non-stoichiometric melts is very much smaller 
than that needed for the compounds, and under 
these circumstances the poorer mechanical 
stability of the seed rod in both height and 
rotation in the Gremmelmeier technique leads 
to vibrations which may cause the momentary 
effective pull speed to exceed that necessary 
for single phase crystal growth. Other advan¬ 
tages of the liquid encapsulation technique 
include the damping of melt surface vibra¬ 
tions, greatly improved thermal stability 
across the interface, better radial temperature 
gradients and simpler puller design and 
maintenance. Disadvantages are that strain 
may occur at the growth (liquid-solid) inter¬ 
face due to the presence of the B 2 0 3 , impuri¬ 
ties floating on the melt cannot volatilize, 
reacting charges in situ is difficult and usually 
results in increased impurity levels and 


decreased visibility and certain dopants such 
as silicon cannot be used since they are 
gettered by the B*0 3 . However, where dean 
prereacted materials are available, as is 
usually the case for III-V’s, most of these 
disadvantages do not apply. Therefore we 
feel that for many materials, especially those 
which have to be pulled slowly, the liquid 
encapsulation technique is superior. 

3. PHASE DIAGRAM 

The first-to-grow portion of each pulled 
alloy ingot was analyzed by X-ray powder 
diffraction techniques. The alloy composi¬ 
tion x was then determined by assuming that 
the lattice parameter varies linearly with 
molecular composition, between the end 
compounds. Values for the latter are well 
established in the literature[17]. This assump¬ 
tion that Vegard’s law applies is reasonable 
since most of the mixed III-V alloys follow it. 
Published work shows slight positive devia¬ 
tions from linearity[5,6], but this is thought 
to be due to the preparation method used in 
one of these cases[5]. The maximum possible 
error in x incurred by our assumption is only 
0*03 at x ~ 0*4 and progressively decreases 
toward either compound. 

A pseudobinary phase diagram has been 
established in the following manner. The 
starting composition of the melt was cal¬ 
culated and the composition of the first-to- 
freeze portion of the ingot (but away from the 
seed) determined in the manner described 
above. Since the liquidus-solidus spread is 
small a symmetrical shape was assumed. This 
procedure leads to the pseudo-binary phase 
diagram shown in Fig. 4. Also shown are the 
points obtained by Roster and Ulrich [18] — 
their much lower solidus is probably due to 
the use of inhomogeneous samples which 
would be expected with their technique. The 
slight difference between our liquidus and that 
of Ref. [18] is probably due to the different 
pressures and non-stoichiometric conditions 
used, and it should be stressed that our dia¬ 
gram applies only to alloys prepared in a 
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Fig. 4. Pseudobinary phase diagram of the InAs^xP* 
system. 


similar manner to those described above. 
Recent theoretical work [19] shows the 
Iiquidus-solidus separation derived in the 
above manner to be reasonable. One should 
note that from a preparational standpoint this 
small spread is quite fortunate and permits 
homogeneous materials to be relatively easily 
grown throughout the entire alloy range. 

Values of the starting composition of the 
melt and the initial ingot composition are 
shown in Table 1 for crystals grown by both 
the sealed system and liquid encapsulation 
techniques. 

4. ELECTRICAL PROPERTIES 

Hall bridges were ultrasonically cut from 
the first-to-grow sections of each ingot, and 
ohmic contacts were made by diffusing indium 
dots in a hydrogen atmosphere and soldering 
wires to these dots. Hall measurements were 
then made at 300 and 77°K using a field of 
20,000 G. Carrier concentrations and Hall 
mobilities (fi = Rcr) were then calculated. 
The carrier concentrations of these undoped 
alloys ranged between 1 — 5 x 10 16 cm -8 . 

Figure 5 is a plot of the electron mobilities 
in the undoped alloys at 300°K. Also plotted 
are the best experimental data of Tietjen 
et ai[ 6] obtained on vapor-epitaxially de¬ 
posited layers from which the substrates had 
been removed, the experimental data of 
Weiss [20], and a theoretical curve whiclrtfcas 



Fig. 5. Hall electron mobility of undoped InAsj-xP* 
alloys as a function of composition at 300°K. 

calculated using the method of Ehrenreich 
[21] (assuming all of the factors affecting the 
mobility vary linearly with composition and 
using recent values for the lattice mobilities 
of the compounds). The values from Allen 
and Mehal[7] are not plotted since they are 
substantially lower than the above. One can 
see in the figure that the experimental data lie 
significantly below the theoretical curve but 
lie on a similarly shaped curve. Alloy scatter¬ 
ing does not appear as a serious contribution 
to the alloy mobilities. Figure 6 shows the 
electron mobilities of the same undoped 
alloys at 77°K. Again the data on vapor-grown 
epitaxial materials [6] are included. The 
electrical data for individual ingots are listed 
in Table 1. 

The variation of mobility with doping level 
was not investigated in detail except for InP, 
which is to be published elsewhere [14], 

5. IMPURITIES 

The distribution coefficients (defined as 
number of impurity atoms per cm 3 in the first- 
to-freeze portion of the ingot divided by the 




Table 1. Parameters for InAs t - X P X ingots prepared by the sealed system and liquid encapsulation techniques 
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Fig. 6. Hall electron mobility of undoped InAsi-jP* 
alloys as a function of composition at 77°K. 

number of impurity atoms per cm 3 in the 
initial melt) were calculated for S, Se, Te, Sn 
and Zn. The number of impurity atoms per 
cm 3 in the first-to-freeze portion was deter¬ 
mined by both carrier concentration measure¬ 
ments and by mass spectrometric analysis. 
Our data essentially show a one-to-one corres¬ 
pondence between the number of impurities 
per cm 3 determined from mass spectrometer 
results and the measured carrier concentration 
providing the saturation limit was not ex¬ 
ceeded. Figure 7 is a plot of the distribution 
coefficients in the alloys as a function of alloy 
composition. The large slope of the curves 4n 
the high phosphorus concentration alloys 
means that in this particular region the distri¬ 
bution coefficients are changing rapidly and 
therefore one will find it difficult to accurately 
predict the final carrier concentration of an 
ingot in this compositional range. 

A notable exception to the general shape of 
the curves is noted for tin. A possible explana¬ 
tion is that the values for InP and InAs were 
derived from material prepared under a vapor 
pressure of the volatile component. The alloys 
however were grown by the liquid encapsula¬ 
tion technique using boric oxide (B 2 0 3 ). IHtas 
beejgfound in GaAs grown under B 2 0 3 that 



Fig. 7. Distribution coefficients for some common 
dopants in InAs, _ X P T alloys as a function of composition. 

silicon (and possibly oxygen) are ‘gettered’ 
or absorbed by the B 2 0 3 , which therefore 
acquires some borosilicate glass. It is possible 
that tin could act somewhat like silicon but to 
a lesser extent, permitting some to go into the 
ingot and some to form a tin oxide which 
either is absorbed by the B 2 0 3 or sits between 
it and the melt surface. Since the tin oxides are 
usually transparent in the visible, it is im¬ 
possible to tell visually that this is happening. 
It should be noted that the Sn-doped alloys 
all had n < lx 10 18 cm -3 which is well below 
the limit at which the distribution coefficient 
begins to vary with concentration. 

Injection laser studies [2] made on lasers 
fabricated from the materials grown in this 
study have indicated that the highest efficien¬ 
cies are probably obtained from alloys having 
the highest carrier concentrations. Therefore, 
we have investigated the solubility limits of 
several of the dopants in the phosphorus-rich 
alloys. The solubility limits of S, Se and Te 
in InP were found to be 3 0, 2*0, and 1*2X 
10 l *cnr 3 respectively, which is consistent 
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in that the larger atoms have the lower limits. 
These limits are really the maximum carrier 
concentration limits we have obtained and 
are perhaps not the true solubility limits in 
that we have chosen to ignore ‘carrier freeze- 
out’ (i.e. level at which concentration of 
dopant atoms starts to exceed carrier concen¬ 
tration). While we have not searched for the 
exact solubility limits for Sn and Zn, we have 
successfully doped with these to levels of 
5 x 10 18 cm -3 and 3 x 10 18 cirr 3 respectively. 
The values for the n-type dopants are sub¬ 
stantially higher than those achieved in 
GaAs [22], and combined with good mobilities 
give low resistivities. 

Mass spectrometric analysis techniques 
have been used to determine the level of 
impurities in the as-grown alloys. The major 
electrically active impurities were found to 
be silicon and sulfur, both of which have been 
shown to come from the elemental arsenic. 
These impurities are typically seen at levels 
of 1-2 ppm. The phosphorus-rich alloys were 
found to contain less impurities (particularly 
Si and S) since the starting materials were 
more pure and the distribution coefficients 
lower at the phosphorus-rich end. 

6. SUMMARY 

InAsj. X P X ingots have been grown through¬ 
out the entire alloy composition range. A 
pseudobinary phase diagram for this alloy 
system has been postulated from the known 
liquidus and solidus values of x. The resulting 
phase diagram has a much smaller spread 
between the liquidus and solidus than that 
previously reported in the literature but agrees 
well with recent theoretical work. The electri¬ 
cal properties of the alloys were measured 
and the mobilities found to compare favorably 
with the literature. Distribution coefficients 
for the major dopants have been determined 


which change rapidly with composition in the 
0 8-0-9 mole fraction phosphorus region. 
Solubility limits for the m^jor dopants indi¬ 
cate that carrier concentrations in the 10 13 cm -3 
range can be achieved without carrier freeze- 
out. 
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REVERSIBLE TEMPERATURE INDUCED INVERSION 
IN THE THERMIONIC EMISSION CURRENT 
ANISOTROPY PATTERN EMITTED BY ATOMICALLY 
CLEAN SILICON CATHODES 
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(Received 10 March 1970; in revised form 26 February 1971) 

Abstract—A reversible temperature induced inversion in the thermionic emission anisotropy pattern 
emitted by cylindrical silicon cathodes with axial direction [111] is described. At 1320°K both the 
{110} and the {112} facets yield emission minima. The {110} emission remains the pattern minimum 
throughout the temperature range investigated. But an inversion occurs for {112} so that at 1495°K, 
when this inversion is fully developed, the emission from these planes of silicon yield pronounced 
maxima in the anisotropy pattern of the thermionic emission current. The effect is completely revers¬ 
ible. When the temperature is lowered to 1320°K, the anisotropy again reverts to that at the starting 
point. The cycle can be repeated many times with identical results. The individual patterns are 
reproducible within limits of error set by the accuracy with which the temperature can be reset during 
the series of measurements. This reversibility allows the conclusion that irreversible changes in 
surface structure, such as those arising from diffusion and evaporation processes, can be ruled out as 
an explanation of the phenomenon. 

In addition, the ‘practical’ emission parameters for the TeaJ’ surfaces involved are compiled for 
both n-type and p -type silicon. ‘Practical’ and ‘real’ are used within this context to stress that the 
measurements do not necessarily pertain to ideal crystallographic planes, but, as is usual with all such 
thermionic data, are characteristic of those surface structures that result when single crystal cathodes 
are heated to incandescence. The measurements relating to n-type silicon represent first thermionic 
emission results. All previous data pertaining to thermionic emission from silicon that appeared in 
literature refers to electron emission from silicon cathodes of extreme boron doping. 


We wish to report upon a completely revers¬ 
ible temperature induced inversion in the 
thermionic emission anisotropy of silicon. 
Such effects, as far as we known, have not 
previously been observed within the context 
of the variation of thermionic emission with 
crystalline direction. 

Anisotropy measurements on silicon have 
first been reported by Baer, Busch and 
Madjid[l,2]. But these authors did not deal 
with the temperature behaviour of the anisot¬ 
ropy. Their investigation was limited, (as was, 
indeed, all thermionic emission data for silicon 
published to date[2-5], to the investigation of 
the emission from silicon cathodes that are 
covered with strongly p-type surface layers. 
The reason for this is that all experiments 
cited were carried out in glass vacuum systems. 


Silicon surfaces invariably develop degenerate 
p-type layers of several micron thicknesses 
when heated within such systems. The con¬ 
tamination causing this layer formation is 
boron, the sources of which are glass com¬ 
ponents that are incorporated into the struc¬ 
ture of these vacuum systems[2,6,7]. The 
present measurements were made in a system 
specifically constructed to avoid the contami¬ 
nation of silicon surfaces and the results 
presented in Figures 3, 4, 7 and 10, and in 
Table 2 constitute the first published data 
pertaining to thermionic emission from n-type 
silicon cathodes. 

Several tests were carried out in order to 
demonstrate that the vacuum system con¬ 
structed was indeed non-contaminating toward 
incandescent silicon surfaces. First, a moder- 


2621 



2622 


L. C. BURTON and A. H. MADJID 


ateiy doped «-type silicon cathode was 
mounted in the system and the electrical con¬ 
ductivity of the silicon was measured as the 
sample was repeatedly heat-cycled above 
1000°K. The results are shown in Fig. 1. The 
conductivity of the cathode is, here, plotted 
against the reciprocal absolute temperature 
for three runs, that is, for three cathode 
heating cycles. The results clearly indicate 
that, within the limits of error, the points 
representing the separate heating cycles all 
lie on the same curve which, in turn, closely 
represents the temperature dependence of the 
conductivity of 20ficm silicon. The pro¬ 
cedure outlined constitutes a very sensitive 
test for boron contamination of the silicon 
surface. Heating an identical silicon rod for 
only a few minutes in a glass vacuum system 
to similar temperatures results in a con¬ 
ductivity characteristic that is drastically 
altered as is also shown in Fig. 1 by the branch 
labled 5. As a further precaution the room 
temperature conductivity and the ‘type 1 of all 
silicon emitters was measured, using a 4-probe 
technique, before mounting the cylindrical 
cathodes in the experimental tube, and then 
again after the anisotropy runs were com¬ 
pleted, and the emitters were removed from 
the apparatus. These results, which are 
summarized in Table 1, confirm that no 
contamination of the silicon surfaces investi¬ 
gated has taken place throughout the 
investigation. 

The design of the anisotropy tube used in 
this experiment did not differ, in its geometry 
and also electrically, very much from the 
design described by Busch and Madjid[2] 
except in the avoidance of any construction 
materials that could contaminate the hot 
silicon surfaces, and in incorporating several 
improvements in the mechanical scanning 
system and the electrical collecting system. A 
schematic of the experimental tube is shown 
in Fig. 2. Dry runs with high work function 
cathodes indicated that the system was capable 
of rendering Richardson slopes corresponding 
to about 6 eV. This is an indication thafthe 



Fig. 1. Conductivity of a 20 Hem, /i-type silicon cathode 
that was repeatedly heat-cycled above 1000°K in the 
experimental apparatus. The results show that the points, 
representing the successive runs, all lie on a curve that 
closely represents the temperature dependence of the 
conductivity of 20ftcm silicon. Branch B of the curve 
shows the consequence of heating an identical cathode 
for a few minutes in a vacuum system containing glass 
components. 


Table 1. Room temperature -con¬ 
ductivities of the thermionic silicon 
cathodes before and after the experi¬ 
ment 


Electrical conductivity 

Before the experiment After the experiment 
(Hem)' 1 (ftem)" 1 


n-type, 2-41 ±0 05 n-type, 2-36±0 05 
p-type, 0*73 ±005 p-type, 0-78 ±0*05 
n-type, 2-45 ±005 n-type, 251 ±005 


tube is reliable when used with surfaces that 
have Richardson work functions up to at least 
5 eV. (A msyor consideration in the design of 
anisotropy tubes is the suppression of secon- 
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SCHEMATIC OF ANISOTROPY TUBE 



Fig. 2. Schematic of the anisotropy tube used for the 
measurements. The electrical potentials, in particular the 
suppressor potential, are chosen so as to minimize 
collection of slow secondary electrons liberated at the 
anode. 

dary electrons in the collecting system[9]. 
These spurious currents tend to falsify the 
measurements by swamping the primary 
thermionic current when the latter is small. 
This condition is particularly serious if the 
emission current is sampled from a high work 
function face of the cathode. A good measure 
of the reliability of an anisotropy tube is, 
therefore, its upper limit capability of rendering 
Richardson work functions.) 

The cathodes used were cylindrical single 
crystal silicon rods with axial direction [111]. 
They were 50 mm long and about 1 mm in dia. 
Such rods expose a six-fold symmetry in the 
(110) and (112) planes along the emission 
surface. The rods were cut from phosphorous 
doped and boron doped floating zone stock, 
ground to shape on a centerless grinder, 
etched in a mixture of HF-HN0 3 , mounted, 
and flash-cleaned under ultra high vacuum 
conditions. Flash-cleaning silicon surfaces, 
(that is, heating the silicon for several minutes 
just below its melting point), has been care¬ 
fully evaluated by Allen, Eisinger, Hagstrum 
and Law[10] by using oxidation and gas 
absorption techniques, by measuring the auger 
neutralization of He + at the silicon surface, 
and by external photoelectric and field emis¬ 


sion studies. The conclusion that flash clean¬ 
ing yields atomically clean silicon surfaces 
was corroborated by the thermionic emission 
studies of Busch and Madjid[2]. The present 
results tend to confirm these findings. Indeed 
one can easily monitor the cleaning-up of a 
freshly etched and mounted silicon rod by 
watching the anisotropy pattern settle with 
succeeding flashes from an initially erratic 
and disturbed pattern to one that closely 
reflects the six-fold symmetry of the single 
crystal cathode. An excerpt from the clean-up 
record of an n-type sample is shown in Fig. 3. 

The temperature induced anisotropy inver¬ 
sion is shown in Figs. 4 and 5 for an n-type 
and a p-type silicon cathode respectively. 



Fig. 3. Clean-up record of the surface of a 2-5 Ocm n-type 
silicon cathode. The originally disturbed pattern of the 
freshly etched and mounted cathode, (a), is due to surface 
contamination. The pattern settles, after several minutes 
of flashing at a temperature near 1600*K, to the inter¬ 
mediary pattern (b), and finally to the pattern representa¬ 
tive of clean silicon (c). 




2624 


L. C. BURTON and A. H. MADJID 



Fig. 4. Temperature induced inversion in the anisotropy 
pattern for a 2*5flcm n-type silicon cathode. The (112) 
emission minima at 1320°K become emission maxima at 
1495°K. 

Referring to Fig. 4, the anisotropy curve at 
1320°K shows almost equally deep emission 
minima for the (112) and the (110) planes. 
The (112) valleys are wider than the (110) 
troughs showing that the (112) facets on the 
surface of the cathode are broader. (These 
(112) planes, incidently, can be located 
visually on floating zone crystals of silicon 
that are drawn in the [111] direction; they 
appear as three, or sometimes six, bright lines 
along the length of the crystal.) The emission 
maxima are emitted from higher index planes 
which were identified as the (541) faces of the 
crystal. 

The pattern for 1400°K is appreciably 
different from that for 1320°K. The emission 
from the (112) faces draws even with the 
maxima of the previous pattern; and the~ 



Fig. 5. The temperature induced inversion in the anisot¬ 
ropy pattern for a 0*75 flcm p-type cathode essentially 
parallels the behaviour of the n-type cathode shown in 
Fig. 3. This indicates that this inversion is characteristic 
of the silicon lattice and does not arise from surface 
contamination. 

emission is now fairly uniform over most of 
the cathode surface except for the interrup¬ 
tions represented by the narrow (110) minima. 

At 1495°K the emission from the (112) 
facets is enhanced further. The emission 
from these planes, in fact, now yields maxima. 
Again the (110) surfaces contribute the least 
emission. In fact, these narrow valleys appear 
as the common feature in all the patterns 
considered. 

The effect is completely reversible. When 
the temperature is lowered from 1495°K, 
through 1400°K, down to 1320°K, the anisot¬ 
ropy again regresses reversibly through all 
previously described temperature specific 
patterns finally to revert to the characteristic 
at the 1320°K starting point. The reproduc- 
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ibility of the patterns is within a limit of error 
that is consistent with the accuracy with 
which the cathode temperature can be reset 
during the measurements and the cycle can be 
repeated many times with identical results. • 
This shows that the effect cannot be due to 
any irreversible change in the surface struc¬ 
ture. For example, diffusion and evaporation 
processes, leading to changes in faceting 
structure, in surface ripple, in thermal etch-pit 
density, in d.c.-etch patterns, and in inhomo¬ 
geneity and impurity clustering—may thus be 
ruled out unequivocally as an explanation 
for the anisotropy inversion observed. The 
effect must, instead, be due to a temperature 
induced, reversible, change in the anisotropy 
of the ‘effective’ surface dipole moment along 
the periodic succession of ‘real* surfaces that 
is represented by the facet structure of the 
silicon cathode. ‘Effective’ and ‘real’ is used 
within this context because the processes 
responsible may not necessarily be due to the 
character of ideal, smooth, surface planes, 
but may conceivably arise out of the super¬ 
position of the characteristic irregularities, 
that are superimposed upon the ideal array of 
surface atoms, that is specific of the various 
crystallographic facets of the silicon cathodes. 

The behaviour of boron doped /7-type 
cathodes, Fig. 5, is similar to that of the n-type 
samples just considered. This indicates that 
the temperature dependent anisotropy changes 
can, neither, be caused by the presence of 
dopants at the silicon surface. Of course, the 
possibility that some persistent impurity, that 
reversibly migrates from one crystallographic 
site to another, is responsible for the effect 
observed may not be ruled out entirely, but 
the evidence cited in favor of flash-cleaning 
taken together with the fact that different 
samples of arbitrary doping flash clean to 
essentially identical patterns which are in 
accord with crystalline symmetry, is a strong 
argument in favor of the interpretation that 
the phenomenon presented is characteristic of 
silicon. 

The anisotropy change can be represented 


more quantitatively by plotting the relative 
emission current anisotropy parameter 
(A/ <x0 7/ (0) ) against temperature. Since the 
(110) valley remains a constant feature in all 
runs, the variatioii of the emission current / 
with crystalline direction as a function of 
temperature in Fig. 6 has been plotted relative 
to that facet with the choice, 


J(1W __ 1 ) 


jio) 


/( 100 ) 


and 


^/(4r0) /<!10) _ /(112) 


/( 0 ) 


/U10) 


( 1 ) 


( 2 ) 


for the (541) facet that yields the emission 
current maximum / <M1) at 1320°K, and the 
(112) valley respectively. The results show 
that above 1410°K, / <1,2) exceeds the emission 
/< M1 > and thus supplants the latter as the 
emission maximum. 

From the temperature dependence of the 
anisotropy it is possible to predict that the 
Richardson plots of /[J tx, /T ! ] vs. 1 IT, based 
on the expression, 


/<*> 

yr = A K ix) exp 


MB 


(3) 


(with J lx> the emitted current density from the 
respective facet (jc), and Wy*' and A R ix) the 
Richardson work function and emission con¬ 
stant for (x) respectively), will be non-linear in 
character.* That this is indeed the case is 
shown in Fig. 7 where two representative 
Richardson plots for an n-type and a p-type 
sample respectively, are displayed. Plotted 
on a larger scale, all such curves show definite 
curvature throughout the entire temperature 
range covered. But the nature of this curva¬ 
ture is such that within very reasonably limits 
of error each Richardson plot may be approxi- 


*For a discussion of the meaning of equation (3), and 
the conditions under which non-linear Richardson plots 
occur, see Ref. [2]. 
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CATHODE TEMPERATURE (°K) 

Fig. 6. Temperature dependence of the relative emission parameter 
A/^V/° for (a) the (541) facet that yielded the emission maximum 
at 1320°K relative to the (110) facet; and (b) for (a:) = (112) also 
relative to (0) = (110). The results show that the anisotropy para¬ 
meters are virtually identical for/?- andp-type silicon. 

mated by two straight lines thus subdividing the sum over terms facet area times facet 
each curve into a high and a low temperature surface free energy[12]. In practical reality, 
branch. The results of the A H and W R values however, the attainment of this equilibrium 
thus determined are summarized in Table shape will be hampered by kinetic factors 
2. The departures from linearity of the which come into play because the heating of 
Richardson plots are, also, reproducible, the sample usually occurs under pronounced 
within the estimated limits of error, when nonequilibrium conditions. The actual facet 
increasing and decreasing the cathode tem- structure that develops will thus be a3Vulff 
perature in repeated cycles. shape modified by such perturbations as 

There remains to deal with the crystallo- evaporation, temperature gradients, initial 
graphic facet structure that invariably develops shape, and any other conditions that deter- 
when cylindrical silicon samples are heated mine the kinetics of macroscopic crystal 
to incandescence; and with the correlation of growth. 

the geometry of these facets with the emission It is clear that faceting around the circum- 
pattem of the cathodes. ference and parallel to the axis of the cylinder 

Facets rapidly develop on incandescent is to be expected in the present case where the 
single crystal samples, which have been shape is a long, slender cylinder. Indeed, the 
machined or ground to arbitrary shapes, facet structure that develops when such 
because of the inherent tendency of any finite silicon cylinders are heated in vacuum is 
solid to adjust its geometry toward an energeti- rather simple comprising only the {112}, the 
cally more favorable surface configuration. {110}, and the {541} faces. This structure 
Ideally, any fixed total volume of solid would has been studied by observing the pattern of 
thus assume the $hape of a Wulff polyhedron*- light that is scattered and specularly reflected 
[13-15]. That is a configuration that minimizes as the cylindrical cathodes are rotated under 
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Fig. 7. Two representative Richardson pJots for the 
and p-type cathodes described respectively in Figs. 3 a 
4. A definite break occurs in both curves around 1400°! 


a tow power microscope. The facet structure 
that developed was remarkably similar for all 
three samples considered. This is illustrated 
by the three different (112) faces shown in 
'Fig. 8. In Fig..9 a (112), a (110), and a (541) 
facet is displayed for comparison. In Fig. 9(b) 
the (i 10) facet is flanked on the right by the 
adjacent (541) face. In Fig. 9(c), the (541) 
facet is flanked on the left by the (110) plane. 
The {110} faces followed by {541} faces 
exhibit the smoothest surfaces. The {112} 
faces tend to be rougher and develop a hill 
and valley structure under very prolonged 
heating near the melting point of silicon, 
(particularly when heated in an oxygen 
ambient). The conclusion is, therefore, that 
the emission parameters cited for the different 
faces are probably reliable for the {110} and 
the {541} planes, but, because of surface 
roughness, should not, as yet, be considered 
to be unequivocally established for the {112} 
faces. 

The correlation of the anisotropy of the 
thermionic emission with the facet structure 
turned out to be very satisfactory. In Figs. 10 
;. and 11 the facet structure of a n-type, respec- 


Table 2. The emission parameters of the (110), the (112), 
and the facet that yields the low temperature emission 
maximum of cylindrical n and p-type silicon cathodes of 
axial direction [111] 


Cathode 

Emission 

Parameter 

(110) 

(112) 

(541) 

4 O-cm 

(1250°K W R 
to 

3 76 ±0 05 

3-92 ±005 

3-74 ±0*05 


1400°K) A h 

0*1 ±0*03 

0-3 ±01 

0-1 ±0*03 

silicon 

(1400°K W R 
to 

4*14 ±0-05 

4-4 ±0-1 

4*3 ±0*1 


1625°K )A r 

3 ±01 

1 ±0*3 

2 ±0*8 

0*4 O-cm 

(125°K W R 
to 

3-17 ±005 

3-86 ±0-05 

3 *67 ±0*05 

p-type 

1400°KM* 

0 03 ±0*01 

0*2 ±0*06 

0*04 ±0*01 


(1400°K W R 

4*12±0*05 

4-10 ±0*05 

4*17 ±0*05 


\b25*K)A n 

1 ±0*3 

W H in{tV)-A R 

1±0*3 

in (amp/cm*°K') 

2 ±0*6 
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Fig. 10. Correlation of the emission anisotropy for n-type 
silicon with the crystallographic facet structure which 
develops when the, originally, cylindrical cathode is 
heated to incandescence. 

tively p-type, cathode is delineated as to 
angular position and facet width; and this 
structure is correlated with the emission 
pattern of the respective cathode. The results 
clearly show the correlation to be unequi¬ 
vocally established. 

We have reported upon an effect which may 
be of a practical significance in cases where 
electron emission is desired to be as uniform 
as possible over a macroscopic emitting area. 
One could hardly do any better, if this is the 
requirement, than to choose a (112) face of 
silicon at about 1400°K for either a planar or a 
cylindrical cathode geometry. As far as inter¬ 
pretation is concerned, any anisotropy of the 
thermionic emission current must arise either 
from the variation with crystalline direction 
of the surface dipole layer contribution to the 
work function, or else from a direction depend 
dent electronic reflection coefficient. This 



Fig. 11. Correlation of the emission anisotropy for p-type 
silicon with the crystallographic facet structure. 


follows from arguments listed, among others, 
by Smoluchowski[ll], Herring and Nichols 
[12], and Busch and Madjid[2]. A parallel 
argument applies to the temperature varia¬ 
tion of the anisotropy of the three entities 
just listed. No quantitative data about the 
reflection coefficient for silicon surfaces has 
as yet been published. It is, therefore, not 
possible to apportion the present effect 
between dipole layer and reflection coefficient; 
and this report must for this reason remain on 
a phenomenological basis. But once quantita¬ 
tive reflection coefficient data becomes avail¬ 
able, the present measurements may yield an 
important clue as to what is causing the 
temperature inversion of the thermionic 
emission current anisotropy and the pro¬ 
nounced breaks in the Richardson plots at 
around 1400°K for both p - and n -type silicon 
emitters. 
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Fig. 8. Three different (112) facets that developed on the 
cylindrical silicon cathodes used in this experiment. 
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Fig, 9. Facets developed on the cylindrical silicon 
cathodes upon heating to incandescence, (a) a (112) face; 
(b) a (100) face flanked on the right by a (541) facet; (c) a 
(541) face flanked on the left by a (110). 
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Abstract-The hot carrier d.c. conductivity of a degenerate many vall£| semiconductor has been 
investigated, using the effective carrier temperature approximation. Comparison of these results with 
earlier work on nondegenerate semiconductors shows that the effect of degeneracy is to reduce the 
anisotropy and carrier heating by d.c. field (thus making Ohm’s law applicable up to higher fields). 
Further it is seen that degeneracy leads to increase of conductivity with increasing electric field; this 
is in contrast to the results for the nondegenerate case. 


1. INTRODUCTION 

In a recent paper [1], designated as I here 
after, the transport phenomena in degenerate 
simple model semiconductors were studied 
using the effective carrier temperature approxi¬ 
mation; the analysis also neglected the effect 
of optical phonon scattering and the depen¬ 
dence of Fermi energy on carrier temperature. 
Thus this treatment[1] was restricted to the 
case of highly degenerate semiconductors 
with spherical energy surfaces at low tempera¬ 
tures and low electric fields. 

In this communication the authors have 
investigated the hot carrier d.c. conductivity 
in a many valley degenerate semiconductor 
(e.g. Ge), taking into account the carrier 
scattering by optical phonons and the depen¬ 
dence of Fermi energy on carrier temperature; 
thus this treatment is applicable to a wide 
range of temperature and electric field below 
the breakdown limit. In this communication 
we have limited ourselves to the study of the 
d.c. conductivity but the method could $$&ily 
be extended, if required, to deal with^he 
various galvanomagnetic and thermomag|j3tic 
effects. 

The Boltzmann transfer equation has been 

* Present Address: ElectrophysiCfr Advanced Study 
Group Droxel University, Philadelphia, Pa, 19104, 
U.S.A. 


solved in the relaxation time approximation 
for the carrier distribution function. Isotropic 
part of the distribution function in each valley 
has been taken to be the Fermi-Dirac function 
appropriate to the effective electron tempera¬ 
ture in that particular valley; the electron 
temperature, which is a function of the electric 
field strength and depends on the angle 
between the electric field and the longitudinal 
axis of the particular valley under considera¬ 
tion, has different values in different valleys 
and is obtained by taking the acoustic and 
optical phonon scattering to be responsible for 
the energy loss of the electrons in the energy 
balance equation. The use of effective electron 
temperature is justified in the present case 
because of high carrier concentration [2], 
Using this distribution function, expressions 
for current density have been obtained which, 
in turn, give expressions for conductivity 
tensor and Sasaki angle <// (defined as the 
angle between the electric field and the current 
density). Some numerical results have been 
presented in the form of graphs. Comparison 
of these numerical results with those of earlier 
workers [3-8] for the nondegenerate case 
shows that the effect of degeneracy is to 
reduce the anisotropy and also to extend the 
ohmic regime to relatively higher electric 
fields. 
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! 2. DISTRIBUTION FUNCTION 

The conduction band of germanium is 
characterised by energy minima at four equi¬ 
valent points in the <111) directions [7,9). 
Around each minimum the constant energy 
surfaces are ellipsoids of revolution with their 
principal axes along the < 111) directions. Let 
us consider the carriers in the i‘ h valley, where 
the energy (with respect to the valley mini¬ 
mum) is given by 

e = (a 1 k x t +a 2 k u t +a t k it i ); (1) 
zm 0 


as 

^11 = ^Hac + ^Mop + ^Bion (5a) 

and 

^x = J-'xac + J-'xop ^xion. (5b) 

Subscripts ac, op and ion refer to collisions 
with acoustic phonons, optical phonons and 
ionized impurities respectively. The various 
components of the collision frequencies are 
[7 JO] 


k being the carrier wave vector in the ellipsoid¬ 
al frame (with x axis along the principal axis of 
the ellipsoid). The ellipsoidal energy surfaces 
given by (1) can be transformed to spherical 
ones in terms of a variable k' i.e. 


6 


h 2 k'\ 
2 m 0 9 


k' = a 1/2 . k. 


where a is the dimensionless inverse mass 
tensor. The distribution function of the 
carriers is governed by the Boltzmann equa¬ 
tion, which on writing k in terms of k' becomes 


_ 1 

^llac ^Xac, %>p — ^xop» ^llion — Vision 


*W = W Q T 0 e'!\ 


= 9*45X10 -*N ig (b)T e ~™ 





,>op = 2/to(e* <w, * #7V ’ — 1) 


[(e + ftcoo) 1 ' 2 


f* 

dt h 


a m 


■ dk' 



( 2 ) 


with F’ as the externally applied force. The 
distribution function can be expanded as 


/W «/„'(*') + 


k’ 


(3) 


Substititung equation (3) in equation (2) and 
solving it for f,* in the relaxation time approxi¬ 
mation one gets 




dfl 

dk ! ' 


(4) 


where E* is the electric field in the i ,h valley 
and v is the inverse relaxation time tensor 


with xx and^gt: components respectively given 


+ e*“" lk '> T ‘'Re(e-hu> 0 ) 11 *], 


where -y, and y 2 are anisotropy factors for 
ionized impurity and acoustic phonon scatter¬ 
ing, mi and m n are the electron masses perpen¬ 
dicular and parallel to the principal axes of the 
ellipsoid respectively, N, is the concentration 
of ionized impurities, c is the energy of the 
carrier, k u is the Boltzmann constant, T e is the 
electron temperature. 


0-253 (mi 2 mw)~ m 

* <6)= T66 


m 0 


T 1/2 
1 e 


koT e / 


F- m (r )), 


f-l/2 



0 


x -,/2 dx 
1 4- e x_r 


W B is a constant independent of temperature, 
determined from the experimental data of the 
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lattice mobility in the low field region, B = 0*4 
is a constant as determined by ConweIl[7], 
(o 0 is the characteristic frequency of optical 
phonons, T 0 is the lattice temperature and 
Re(€-h<t>o) Vi denotes the real part of (e— 

ftcoo) 1 ' 2 . 

It may be worthwhile to point out here that 
the above mentioned relaxation times for the 
acoustic and optical phonons have been 
derived by Conwell[7] for nondegenerate 
semiconductors. However, it has been shown 
by FistuI [10] that in the case of semiconduc¬ 
tors these expressions are true at all practical¬ 
ly realizable carrier densities. 

The expression for f t (equation (4)) has been 
obtained in terms of / 0 , the isotropic part of 
the distribution function which we take to be 
Fermi-Dirac at an effective electron tempera¬ 
ture T e appropriate to the valley under con¬ 
sideration: 


£{«-*,(7V)}/Ao7V+ j ’ 


where T e { and €^(T e { ) are governed by the 
energy balance equation! 1, 11] 


>+{£-4 O) 


and the normalization condition. 


n = — 2 \J a 


7T 


/ 2m 0 * 0 7V \ 3 « f 

\ h 2 ) J 1+ew’ 


( 8 ) 


where x-e/MV, V - € F (T e ')/W, Uol = 
(«./«,) ~'' 3 is the Jacobian of transformation, 
J* is the current density to be defined in the 
next section, 8 is the fraction of energy loss 
of an electron in one collision with the acous¬ 
tic phonons and may be written as[l, 7] 

. 2 ( m x s m „)>' 3 


of velocities of longitudinal and transverse 
acoustic modes), / and L are parameters which 
are determined by the condition that at E = 0, 
i.e. at T t = T 0 , the average energy lost by the 
carrier in collisions with acoustic and optical 
phonons is zero, v ac is the collision frequency 
of the carriers with the acoustic phonons. In 
n— Ge, for the temperature and field range 
where equipartition of energy is valid, it is a 
good approximation to use a single energy 
dependent relaxation time for the combined 
longitudinal and transverse acoustic scatter¬ 
ing. Thus for v ac appearing in equation (7) one 
can use the average value of and t>iac. 
Equations (7) and (8) have been solved numeri¬ 
cally for 7V and e F (T t * ) by assuming the 
electric field to be applied in the (110) plane 
at an angle $ to the (001) direction. The 
results have been shown in Figs. (1) and (2). 


3. CONDUCTIVITY AND SASAKI ANGLE 
The current density in the ellipsoidal frame 
of reference may be defined as 

J^-^/^dk, 

which on changing the variable gives 

J, = -eUa|~^/ a m . ft 1 k ,3 dk'. 

Substituting for ft' from equation (4) we can 
express the current density as 

J‘ = o-‘.E‘, (9) 

where a 1 is a diagonal tensor with 

tr n l = /4at[Ki , +Kt f ] (10a) 

and 

<r J . i = Aa 2 [K 3 i +K 4 i ]; (10b) 


M is the effective mass of the acoustical A — (e 2 /3m 0 7r 2 )|./ o |(2m o fc 0 r,.'/fi 2 ) 3/2 , have 
phonon (=* kaT 0 lc 2 , c is the appropriate mean been defined in appendix A. 
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Having found the contribution to the current 
density from each valley the next step is the 
transformation of the coordinate system of 
each valley to the cubic frame of reference 
(for which t axes are along (100) directions) 
and then sum the resolved components of the 
current to obtain the total conductivity. If 
(T*) -1 are the inverse transformation matrices 
then 

j -i [Tdo 

It, however, turns out that T _1 = T where T is 
the transpose of T[ 12]. 

Substituting for the appropriate components 
of current density equation (11) can be written 
as 

J = a . E, (12) 

where E is the electric field with respect to 
Lab. frame and 

(T xx = = o-« = i [cth 1 + 2cr 1 I -I- CTii 11 + 2o"± n 

4-2o-|, ni + 4o- x 111 ] (13a) 

Vxv = b W - aj + o/ - ctj.” - 2(7|| ni 

+ 2crj. IV ), (13b) 

O'xz = Czx ~ Vyz = Vzv = i M ~ CT± ~ CT\f l 

+ 2a± l] ). (13c) 

In writing equations (13) the equality T e w = 
7V V (a direct consequence of equation (7)) 
has been used. 

4. DISCUSSION 

The electron temperature and Fermi energy 
have been computed numerically for each 
valley for various intensities and orientations, 
d , of the electric field about the (001) direc¬ 
tion in the (110) plane. The results of Barck 
and BurgeSfli} for the nondegenerate case 


have also been shown in Fig. 1. (The ordinate 
should be multiplied by ten). A comparative 
study of these results shows that the rise in 
electron temperature for the degenerate case 



Fig. 1. Variation of T e IT 0 and € F (T r )ik o T 0 with electric 
field. Dashed line represents the theoretical results of 
Barrie and Burgess [3] for nondegenerate semiconductors 
for 6 = 90° and T 0 = 77°K. The ordinate for dashed curves 
is to he multiplied by 10. 

is much less pronounced. This may be attri¬ 
buted to the presence of significant amount of 
impurity scattering in degenerate semiconduc¬ 
tor which results in reducing the mobility and 
hence the power absorption by the carriers. It 
is interesting to point out here that at still 
higher degeneracies where the ionized im¬ 
purity scattering is the sole mechanism for 
momentum transfer, the rise in electron 
temperature becomes inversely proportional 
to the carrier concentration {T e — T « (lIn)). 

The Fermi energy as seen from Fig. I 
exhibits a wide variation with electric field 
in contrast to the implicit assumption of L 
where the variation of Fermi energy with 
electric field was not accounted for. It is, 
however, found that the change in Fermi 


« F /k, 
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energy with the electric field becomes less 
pronounced as the degeneracy of the sample 
is increased. In Fig. 2 we have shown that for 
a given magnitude of electric field the tempera-, 
ture of the various valleys changes by different 
amounts with the angle 6. Heating of the 



Fig. 2. Variation of TJT Q with 0 (the angle between E and 
(001) direction in (110) plane). 

(Ill) valley is seen to be minimum. This is 
because the component of the electric field 
parallel to the principal axis of the (111) 
valley is always greater than the perpendicular 
component, while in other valleys the reverse 
is true. Since the electrons have larger mass 
along the principal axis of the ellipsoid, they 
make-a smaller contribution to the longitudin¬ 
al current than to the transverse. Rise in the 
electron temperature in (111) and (111) 
valleys is the same as these are symmetrically 
oriented about the electric field i.e. £„ ,n = 
£ tl ,v and E± m = £± IV . Same is true for <111) 
and (111) valleys at 6 = 90°, It is further seen 
from the figure that as the angle 6 is increased, 
the electrons in (111) and (III) valleys get 
hotter than those in (111) valley because the 
parallel component of the electric field in 
(111) valley increases as0 is increased. 

In Figs. 3-4, the Sasaki angle has been 
plotted as a function of the electric field and 
the angle 0 respectively. Comparison of our 
results with the experimental results of Sasaki 
et ai[ 4,6] and the theoretical results of 



Fig. 3. Variation of Sasaki angle $ with electric field. 

Conwell[3] for nondegenerate semiconductors 
reveals that the effect of degeneracy is to 
reduce the anisotropy; in our particular case 
it is reduced by an order of magnitude. For 
fields beyond 2000 V/cm the Sasaki angle 
tends to saturation in agreement with the 
results of earlier workers for nondegenerate 
case. 

The various components of the conductivity 
tensor have been plotted in Figs, 5-6 as a 



Fig. 4. Sasaki angle $ as a function of the electric field 
orientation about <001 > axis in (llO) plane. 
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Fig. 5. Variation of various components of conductivity 
tensor <r with electric field. The dashed line represents the 
experimental results of Sasaki et al.[4] for nondegenerate 
semiconductors for T 0 — 90°K and 6 — 30°. 

function of the electric field and the angle 0. 
Unfortunately, no experimental results appear 
to be available in the hot carrier regime for 
degenerate semiconductors with which we 



conductivity tensor tr with $ (the orientation of _the 
electric vector about the (001) direction in the <1W> 
plane). 


could compare our theory. Nevertheless, to 
assess the effect of degeneracy on conductiv¬ 
ity, an attempt has been made to compare our 
results with the various experimental results 
[3-8] for nondegenerate semiconductors for 
6 = 0° and 30° (calculations were done for 
0 = 0° but they have not been shown for the 
sake of brevity). In particular, the results of 
Sasaki et al.[ 4] for 6 = 30° have been plotted 
in Fig. 5 and it is seen that the ohmic region 
in our case extends up to relatively high 
electric fields. In addition to this, our results, 
in contrast to those of Sasaki et ai [4], show 
an increase of conductivity with electric field. 
This diversity in the behavior can be un¬ 
doubtedly attributed to the dominance of 
ionized impurity scattering in degenerate 
semiconductors for which the collision fre¬ 
quency varies as T e ~ m . 

Table 1 shows a comparative study of our 
results and the experimental results of Nathan 
[5] for longitudinal anisotropy in nondegener¬ 
ate semiconductors. It is evident from the 
table that for the same magnitude of electric 
field the anisotropy in Nathan’s result is 40 
per cent as against 13 per cent in our case. 
Thus we see that the longitudinal anisotropy 
in conductivity is suppressed as the carrier 
concentration is increased. 

The analysis in the present paper inevitably 
suffers from certain simplifications; first in 
neglecting the intervalley scattering and 
second in assuming the number of electrons to 
be equal in all the valleys. The effect of former 
is to reduce the anisotropy and that of latter 


Table 1. Longitudinal anisotropy in many 
valley semiconductors (Ge) 


Direction 

O'xx/ 0 ' 111 

Nondegenerate 

Degenerate Field 


(Exptl.) 


on) 

1 

1 

(110) 

1*3 

095 1800 V/cm 

(100) 

1*4 

113 


<r m is the longitudinal conductivity when £ is along 
(111) direction. 
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to enhance it. It has, however, been mentioned 
by Yamashita and lnoue[13] that the contribu¬ 
tion of intervalley scattering is rather small. 
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APPENDIX A 

The integral appearing in equation (10) are, 


Kt'-JItK d» y« 1.2.3.4 

0 I 

vJ/l -X-V 

I Ax) “ /**(*) - —— : ■ ■ 

(l+e"»V 

VW-VW-W+W), 


(A.l) 

(A.2) 

(A.3) 



*V - D <{ x ui + fl (* ++ 4»<*). (A.4) 

= i', (A.5) 

+ (A.6) 

vd - vj + iV — iV» (A.7) 


D l - W*Tt(k 0 r e l ) ,, A xo* * 


and v\\ v' 2 K v b [ andi/V are obtained from equation (A.4), 
(A.5), (A.6) and (A.7) respectively by replacing x by 
x + A' 0 f - 
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P. MIALHE. A. BR1GDET et B. TRIBOLLET 
Laboratoire de Spectroscopie et Luminescence, Section de Spectroscopie Hertzienne, 
Facultedes Sciences, 43, Bid du 11 Novembre 1918*69, Villeurbanne, France 

{Received 3 December 1970; in revised form 12 February 1971) 

R6sum£ — Nous montrons que le dedoublement des transitions hyperfines, observd sur un spectre de 
poudre, permet de determiner le signe relatif de A et D. De plus le calcul de la forme de rates conduit 
a une m&hode precise pour mesurer/t. 

Abstract - in a powder the observed doubling of the hyperfine transitions is shown to allow a deter¬ 
mination of the relative sign of A and D. The shape of the lines permits a relatively high accuracy 
measurement of A on powder spectra. 


1. INTRODUCTION 

Les parametres de THamiltonien de spin 
d'un ion present a Tetat d’impurete dans un 
reseau cristallin ont pu etre determines en 
etudiant la forme des raies du spectre de 
R.P.E. d’un echantillon reduit a Tetat de 
poudre, Bleaney et Rubins[l] ont montre que 
le dedoublement des transitions hyperfines, 
dans le cas d’un site a symetrie axiale et pour 
un tenseur spectroscopique g isotrope, est du 
aux termes non diagonaux provenant des 
interactions electroniques et nucleaire. De 
Wijn et Balderen[2] ont not£ que, pour des 
valeurs positives de rinteraction hyperfine 
isotrope mesuree par A, Tecart entre les 
composantes d’une raie dedoublee augmente 
lorsque le nombre quantique magnetique 
nucleaire m diminue. 

Nous nous proposons, d’une part de donner 
une methode permettant de determiner A a 
partir de T6tude des raies de resonance, 
d’autre part de determiner les signes relatifs 
des parametres A et D en mesurant le de¬ 
doublement des transitions hyperfines ob- 
servees sur un spectre de poudre cristailine. 

2. THEORIE 

L’Hamiltonien d’un ion dans un site axial 


peut s’ecrire en fonction de Tangle 6 qui 
repere Taxe du cristal par rapport h. la direc¬ 
tion Oz du champ magnetique appliqu£ //, 
sous la forme: 

* = g(3HS t + J 15 (5 + 1 ) ] 

x (3 cos 2 6> - 1) + y (5'*S_ + S t S + 

+ S+St + S-S t ) ■ cos 6 sin 6 +^ 

x(SS + SJ)sm 2 6+AS,I t +j 
(SJ+ + SJ-). ( 1 ) 

Nous avons suppose le facteur spectro¬ 
scopique g et l’interaction hyperfine A iso¬ 
trope: dans ce cas souvent rencontre pour les 
ions dont l’6tat fondamental est un singulet 
orbital nous pourrons etudier l’influence des 
termes A et D sur la forme des raies de reso¬ 
nance. Les cinq demiers termes de l’Hamil- 
tonien (1) £tant considers comme une 
perturbation de l’operateur gf3HS z , nous 
avons calcule au troisi^me ordre la difference 
d’energie des etats (i, m) et (—1, m) . 
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Emm ~ E- mm = gPH 0 = gPH +Am + pjj 


exprimons les mesures en gauss. Nous avons 
note H m les termes independants de 6: 


+ [/(/ +1) — m 2 ] + 
x sin 2 0 cos 2 0 [3 - 4S (5 + 1) ] 
-^sin<0[3-45(5+l)] 

~^2 ^5(5 +1) + /(/ +1) 

,51 A 2 D 
m 4j m 8 H 2 

x (3 cos 2 # — 1)[3 —45 

AD 1 

X (5+1)] m + Jgju2 s ‘ n4 ^ 
d 2 a 

x [3-45(5+1)] 

x sin 2 0 cos 2 0[25 2 (5 + l) 2 
-5(5+l)-*]m (2) 


H 0m = H 0 -A'm -[1 (/+ 1) - m 2 ] 

. A ,3 51 , A^Dl 

+ 2// 0 2 L 5+1 4j + 4// 0 2 

x [3-45(5+l)]m. (4) 


Forme des rates 

Le facteur de forme A (H) de la courbe 
d’absorption d’un echantillon contenant N 
moments magnetiques peut etre defini par le 
relation: 

A(H) =~ sin 9$j. (5) 


En utilisant l’expression (3) du champ magne- 
tique de resonance nous obtenons pour l’ion 
manganese divalent: 


A(H) - 


NHp 

8D' 2 


(Ho est la valeur du champ magnetique de 
resonance de l’electron libre). 

L’approximation du 3eme ordre de l’expres- 
sion H m du champ magnetique de resonance 
des transitions hyperfines (i, m) «-» (— i, m), 
qui sont seules observables sur un spectre de 
poudre, peut etre obtenue a partir de la rela¬ 
tion (2) en remplaqant H par H„—Amlgp['i] 
dans le denominateur des temes du 2eme 
ordre de (2). 

H m = //om - jjf sin 2 0 cos 2 0 [3-45(5+1)] 

+-^-sin 4 » [3-45(5 + 1)] 

Jo/Io 

j f n'* T9 

—- pj ; sin 2 0 cos 2 0 j^g — 35 (5 + 1) 


X [a„,cos 2 0 — (a m + 2p„,) sin 2 0] cos0 
avec 

J.8/4' , 3+' 2 1 

a m 8^1 Ho +4D'Ho m J 7 

f.J'2 

Pm = 1 ~ (8) 

Le facteur de forme A(H) devient infini 
pour les deux valeurs de Tangle 0 verifiant 
d = (tt/2) et tg 2 0 = (aja m + 2p m ) definissant 
les expressions H lm et H im des champs magne¬ 
tiques correspondant aux deux pics qui carac- 
terisent le dedoublement de chaque transition 
hyperfine m. L’ecart en champ entre les deux 
s’exprime au moyen de la relation: 


1 3/4' 2 D 

+ 5 2 (5 + f) 2 J/M-^rsin 2 0 

x||+ : 45(5+l)]m. (3) 

Introdulsant les grandeurs A' and D' nous 


A H m = H, m -H, m = 


D' 2 


*[ S 


2Ho 

, 2 + 4/3 m 2 + 4a m & 
&m Pm 




(9) 
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Ces resultats sont difftrents de ceux de 
Bleaney et Rubins [1] par la presence du 
terme en (A f2 ID'H 0 )m dans les expressions 
de a m et j8 w . Ce terme provient de la contri¬ 
bution dtl 3eme ordre en (A l D'IH 0 2 ) (3cos 2 0 - 
1) non consideree par ces auteurs dans le 
calcul de l’energie de l’etat Mm . 

Signes relatifs deAetD 
L’analyse du spectre de resonance 6lec- 
tronique d’un ion place dans un site cristallin 
axial ne permet de determiner que les signes 
relatifs[4] des parametres de l’Hamiltonien. 
Cette determination peut etre obtenue en 
mesurant les deplacements du 2eme ordre 
des raies hyperfine$ des transitions (—w) —► 
(H h m) et (i, m) (L "0, et necessite done 
l’etude du spectre d’un monocristal. Les 
signes absolus sont alors deduits de la mesure 
de I’anisotropie de la susceptibilite magne- 
tique[5] et de l’etude de la variation de 1’inten- 
site des raies a tres basse temperature [6]. A 
notre connaissance aucun auteur n’a indique 
une methode permettant de d^duire les signes 
relatifs de A et D, des donnees experimentales 
obtenues sur un spectre de poudre. L’expres- 
sion (9) depend des seuls parametres A et D 
de l’Hamiltonien dont les valeurs absolues 
peuvent etre determinees avec une incerti¬ 
tude inferieure a 2 pour cent sur un spectre 
de poudre. La mesure des ecarts hyperfins 
permet d’obtenir la valeur de A y le parametre 
D etant deduit des valeurs du dedoublement 
des raies. L’ecart A H m croit avec D et l’etude 
de l’expression (9) consideree comme une 
fonction de m montre que cet ecart augmente 
avec le champ magn^tique. Les raies les plus 
dedoubI6es correspondent done aux valeurs 
positives de m pour A negatif et aux valeurs 
negatives de m pour A positif. De plus 1’ecart 
A H m est une fonction de jc = (A/D), croissante 
pour ces raies les plus dedoublees et decrois- 
sante pour les raies les plus etroites. Ces 
resultats montrent que le plus fort dSdouble- 
ment est observe en champ fort et lorsque A 
et D sont de meme signe, les raies en champ 
faible etant alors les plus etroites possible. 


Le signe relatif de A et D peut done Stre 
deduit simplement de la comparaison—pour 
des valeurs opposdes de jc— des differences 
des valeurs du dedoublement pour les transi¬ 
tions extremes avec les valeurs experimen¬ 
tales. 

3. RESULTATS EXPERIMENTAL 

Nous avons 6tud\6 le spectre de poudre de 
l’ion Mn 2+ dans du carbonate de calcium.* La 
Fig. 1 reproduit un spectre complet analogue 
a celui qui a €t€ publie par Hurd, Sachs et 
Hersberger[7] dans une etude de monocris- 
taux qui a permis a ces auteurs de determiner 
les valeurs de A et D: (A' = 93*95 ±0*05 G 
D' = 81 ±0*4G). 

Le resultat du calcul de la forme des raies 
hyperfines est indique sur la Fig. 2 pour une 
distribution lorentzienne des frequences de 
Larmor. L’etude des deformations de ces 
courbes avec la valeur Av de la largeur k mi- 
hauteur des raies individuelles nous a permis 
detablir une relation empirique pour deter¬ 
miner les valeurs H Xm et H 2m k partir des 
valeurs experimentales A/ lme et H 2me des 
composantes d’une raie dedoublee: 

m XAr'. 

Bien que la valeur de X soit un peu plus forte 
pour une raie gaussienne (0,47) que pour une 
raie Lorentzienne (0,44) la difference est trop 
faible pour permettre une distinction[8] 
entre ces deux distributions. 

Dans le Tableau 1 nous indiquons les 
valeurs de A//| m , — A//_| ml experimentales, 
celles calcuiees pour A et D de meme signe 
et de signe contraire. 

Au vu des resultats nous deduisons que A 
et D sont de meme signe. 

Sur ces spectres la largeur des raies hyper¬ 
fines, variant de 7-20G d’une extr6mit6 a 
l’autre du spectre, rend tres imprecise la 
mesure des hearts hyperfins. En effectuant le 


*Ces produils ont pr6par£s par Amblard dans le 
laboratoire de M. R. A. Paris. 
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Fig, 1. Spectre de Mn z+ dans Ca C0 3 . Les doublets 
marques sont les transitions interdites Am=±l. Les 
transitions hyperfines sont indiquees par les valeurs de m. 
(T — 77°K). 



Fig- 2. Forme des raies correspondant aux transitions 
m * i, m ** —i, m * —f pour une distribution Lorentzienne 
des frequences, L’origine du champ magn^tique est H^ 
pour chaque raie. 


calcul de la forme de chaque raie nous avons 
choisi pour origine du champ magn^tique la 
valeur de // 0 m* Ainsi en prenant sur chaque 
raie cette valeur pour repere, nous determi- 
nons la valeur de A par la mesure de Pecan 
hyperfin qui a Texpression: 

15 A' 3 8 D'A n 
+ 4 H o 2 H<? ' ( * } 

Les valeurs experimentales et theoriques 
sont indiquees sur le Tableau 2. 

Nousobtenons \A'\ = 94 G ±0,6 G. 

4. CONCLUSION 

Nous avons done montre que l’etude 
theorique de la forme des raies conduit a la 
mesure de Tinteraction hyperfine isotrope, et 
a la determination des signes relatifs dcA ctD 
sur un spectre de resonance paramagnetique 


Tableau 2. Valeurs de — 
exprimees en Gauss 


m— 1 

m 

Valeurs 

experimentales 

Valeurs 

theoriques 

i 

5 

“88*7 

-88-9 

i 

i 

—91 -4 

—91-5 - 

-i 

i 

-940 

-94-2 

-i 

-i 

—96*5 

-96-8 

-i 

-i 

-99-3 

-99-8 


Tableau 1. Comparaison du dedoublement des rates pour des 
transitions symetriques (meme \m\) 


Difference des Valeurs experimentales 
hearts (Gauss) 



it A/Z-jji 

11-3 

10 9 

6-4 



6-8 __ 

6-5 

4 

'jit'- 


2-3 

2-2 

1-3 


Valeurs calculus \A'\ = 94 G 
\D'\ = 81 G 


£<» 


A ' 

F >0 
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electronique d’un ecbantillon & 1’etat de 
poudre cristalline. Ces resultats perraettent 
la determination, par R.P.E., des deformations 
d’un r6seau cristallin cons6cutives k divers 
traitements chimiques ou physiques qui sont 
imposes au compose sous forme de poudre. 
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TECHNICAL NOTES 


Light-induced oxidation of NbSe, single 
crystals* 

(Received 17 December 1970; in revised form 
% April 1971) 

It has been reported[l] that single crystals of 
groups IV and V transition metal-dichalco- 
genide compounds oxidize slowly in air. We 
have observed oxidation in NbSe 2 single 
crystals which were grown by iodine vapor 
transport [2], then stored in air on a laboratory 
bench directly under a fluorescent light. The 
crystal surfaces became discolored after 
several months; the color was dependent 
upon the angle of observation, suggesting an 
interference effect in a transparent surface 
layer. It was also observed that only the top 
surfaces of the platelets had become dis¬ 
colored, and that the portions of top surfaces 
that had been shielded by overlying crystals 
from direct illumination showed no such dis¬ 
coloration. Interior portions of the discolored 
crystals appeared normal when exposed by 
cleaving. 

To test the assumption that the observed 
reaction, presumably with oxygen, was light- 
induced, four crystals were cleaved[3] to 
transparency, mounted on silica plates, and 
treated as follows: the optical transmission of 
selected areas was measured using light of 
wavelength X = 546 nm; then two of the 
crystals were sealed in evacuated (5 x 10 -6 
torr) silica tubes, and the remaining two were 
placed in air-filled stoppered silica tubes. One 
air-filled tube and one evacuated tube were 
placed in direct sunlight, and the other two 
tubes were placed in an opaque enclosure. 
After — 60 days, the tubes were opened and 
the optical transmission of the selected areas 


'Based on work performed under the auspices of the 
U.S. Atomic Energy Commission. 


of the crystals was again measured. Only the 
crystal which had been exposed to sunlight in 
air showed a significant change in optical 
transmission. Visual inspection showed that 
it had lost its characteristic reddish-orange 
color and had become completely colorless. 

Figures 1 (a) and 1 (b) illustrate this transition 
on a somewhat thicker, incompletely reacted 
crystal. The appearance of this crystal 
suggests that oxygen may diffuse in from the 
edges and along faults in the structure, reacting 
with the crystal under the influence of light. 

The thickness of an NbSe 2 crystal may be 
determined [4] from its optical density at 
X = 546 nm. The above-mentioned colorless 
sample had optical densities in two areas, 
prior to exposure to sunlight, corresponding to 
crystal thicknesses of 630 and 990 A. After 
treatment, the thicknesses of these areas were 
measured by multiple-beam interferometry 
and were found to be 1900 and 3 500 A, respec¬ 
tively. Such a thickness increase is reminis¬ 
cent of the formation of lamellar compounds 
by intercalation [5]. 

It was not possible to weigh accurately 
these thin-cleaved samples to determine the 
net change in composition, so a whole crystal 
weighing 5420 fig was exposed to sunlight in 
air for —90 days. At the end of this period, 
the crystal exhibited discoloration on its 
upper surface, indicating the formation of a 
reacted surface layer, and was found to weigh 
4524 fig. A gain of 4 fig of material, con¬ 
centrated in a surface film a few thousand 
Angstroms in thickness, implies the formation 
of a selenate, or perhaps a mixture of oxides 
of Nb and Se, in the illuminated portions of 
the crystal. 

In an effort to determine the wavelength 
region responsible for this light-induced effect, 
three thin-cleaved crystals covered respec¬ 
tively with Pyrex glass, a Coming CS3-69 
filter (passing wavelengths greater than X — 
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525 nm), and a Coming CS2-59 filter (passing 
wavelengths greater than A = 630 nm), were 
exposed to light from a 150 W reflector flood- 
lamp for — 90 days. Upon microscopic investi¬ 
gation, only the crystal which had been 
covered by the CS2-59 filter showed no 
colorless areas. As the ultraviolet output of a 
tungsten lamp is limited, and the u.v. cutoff 
for Pyrex is A — 300 nm in any case, oxida¬ 
tion of NbSe 2 crystals appears to be induced 
by light in the wavelength region 300-630 nm. 
No effort was made to determine what, if 
any, specific wavelengths are responsible, or 
to ascertain a short wavelength cutoff. 

To determine structural changes accom¬ 
panying light-induced oxidation, a thin- 
cleaved NbSe 2 crystal was mounted on an 
electron microscope grid and exposed to sun¬ 
light in air for —90 days. Figure 2(a) shows 
the lOOkV electron diffraction pattern of the 
unreacted crystal, and Fig. 2(b) shows the 
80 kV electron diffraction pattern from a 
typical colorless area after treatment. A 
transition to complete lattice disorder is seen; 
this is consistent with observations [6] made 
on thermally oxidized NbSe 2 crystals. 

Lee et al[l] found less than 1 ppm iodine 
present in NbSe 2 crystals grown by chemical 
vapor transport; however, chemical analysis 
[8] of our crystals revealed iodine concentra¬ 
tions of the order of 100 ppm. Although this 
concentration is higher than that previously 
reported, it seems unlikely that the observed 
photolytic effects are due to the formation of 
an iodate; however, it may be that the presence 
of iodine sensitizes the photolysis. Simple 
attempts to reduce the iodine concentration 
have been unsuccessful, and we have there¬ 
fore been unable to evaluate the effect, if any, 
of iodine on the observed photolytic behavior. 

Inducement^] and enhancement[10] of 
oxidation are well known effects of irradiation 
by light, and mechanisms have been postulated 
[11] to account for these effects. 

The otjs$ryations described in this note 
were e-NbSe 2 single crystals^but 

sin^&liiBfCts were seen in single crystals of 


€-Nb 1 . 04 Se 2 , C-NbSej,, and {-Nb^Se*. We 
wish to advise other workers studying this 
material, and by inference other dichalco- 
genides of Nb (and possibly Ta), on the 
desirability of storing samples, particularly 
thin-cleaved crystals, in containers where 
they would be protected from light or oxygen, 
or both. 

Argonne National Laboratory, . G. E. MYERS 

Argonne, G. L. MONTET 

Illinois 60439, 

U.SA. 
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Paramagnetic resonance of a diatomic nitrogen 
ion containing the N-15 isotope in barium 
azide 


{Received 18 December 1970; in revised form 2 March 1971) 


The irradiation of single crystals of barium 
azide (BatN^), sodium azide (NaN s ) and 
potassium azide (KN 3 ) with u.v. light or X- 
rays produces a five line ESR spectra which 
has been assigned to an N 2 ~ radical[l-4]. 
The assignment of the spectra to the N 2 “ 
is not unambiguous. It is possible to account 
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for the properties of the spectra with an N s 
neutral radical. In order to distinguish between 
the two models for the spectra single crystals 
of Ba(N 3 ) 2 were grown with the isotopic, 
N-1S atom on one end of the thatomic linear 
azide ion. The ESR spectra of these crystals 
was then investigated after u.v. irradiation. 

From a consideration of the energy levels 
of the N 2 molecule the valence configuration 
of the N 2 " would be expected to be 2o-„, 
1 tt u , 2n*. The ESR data is consistent with 
the unpaired electron occupying a mole¬ 
cular orbital because the unique and largest 
component of the hyperfine tensor is the A „ 
component. The y direction is perpendicular 
to the geometric axis of the molecule. The 
measured g shifts of the N 2 ~ are all negative. 
Recent calculations of the g shifts based on 
the above indicated valence configuration and 
using the formalism of Stone indicate that 
g x should be shifted positively [4,5]. It was 
pointed out however that this discrepency 
could be due to some covalency of the 
wavefunctions of the N 2 ~ with nearest neigh¬ 
bor barium cations [4]. It is interesting to 
note that in KN 3 no Raman vibrational 
bands have been observed that one might 
expect to be associated with an N 2 ~[6]. 

Another equally plausible model for the 
spectra is an N 3 neutral radical. Based on the 
recently calculated molecular orbitals for the 
N 3 - the valence configuration of an N a 
neutral should be 4o-„, 3cr u , 1 rr^{7J. The 
unpaired electron would be in a tt s , molecular 
orbital which is consistent with the A „ com¬ 
ponent of the hyperfine tensor being the lar¬ 
gest and the unique one. The probability 
density of this orbital is such that the electron 
would be localized primarily on the end two 
nitrogens of the linear N 3 neutral radical. 
Thus the unpaired electron would display a 
hyperfine interaction only with the two end 
nuclei. Since the nitrogen nuclei has a spin 
one, a five line ESR spectra with intensity 
ratio of 1:2:3:2:1 would result in agreement 
with what is experimentally observed. Also 
the magnitude of the hyperfine interaction is 


reasonable for the unpaired electron in this 
orbital. Further calculations of the g shifts 
based on the expected energy level scheme 
for an N 3 neutral radical indicate that the 
direction of the g shifts would be in agree¬ 
ment with those observed. Thus the N s 
neutral appears to provide an alternative 
model for the spectra. 

Barium azide has a monoclinic unit cell [8], 
The radical that gives rise to the spectra lies 
in one magnetic site in the lattice. The y 
principal axis of the g and the A tensor is 
parallel to the b axis of the unit cell. 



Fig. 1. The ESR spectrum obtained in barium azide in 
which the end nitrogen of the linear azide ion is the N-15 
isotope. The d.c. H field is parallel to the £-axis of the 
unit cell. The resonances marked A arise from the N u - 
N 14 ion. The B labels the N 14 -N ,ft radical and C indicates 
resonances that are not identified. The theoretically 
predicted spectrum is shown at the bottom of the figure. 
The dashed lines indicate the expected positions of the 
N ,fl -N 14 resonances. 

The ESR spectra obtained after room 
temperature u.v. irradiation of Ba(N 3 )* 
containing N-15 on one end of the triatomic 
linear azide ion is shown in Fig. 1 at the top. 
The d.c. magnetic field for the illustrated spec¬ 
tra is parallel to the b crystal axis of the unit 
cell. The observed spectra can be accounted 
for by equal amounts of two kinds of radicals, 
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an N M -N 1S species and an N ,4 -N 14 radical. 
The resonances denoted by the letter A in 
Fig. 1 arise from the N 14 -N 14 species. These 
resonances consist of five lines with the 
intensity ratio of 1:2:3:2:1 indicating that 
the spectra is arising from the equal inter¬ 
action of an unpaired electron with two nuclei 
of spin one. The separation K u of the reson¬ 
ances from each other is 20 G. These results 
are in agreement with previously reported 
results for this orientation of the d.c. H field 
in non isotopically tabled crystals [4]. 

The lines marked by the letter B are re¬ 
sonances due to the N ,4 -N 1S species. In such 
a radical the unpaired electron interacts with 
the N ]4 nucleus which has a nuclear spin of 
one and with the N ,s nucleus which has a 
spin of one half. The hyperfine splittings in 
this radical are given by 

E= K u M,m u +K ls M,m ls (1) 

where m and M refer to the nuclear and the 
electron magnetic quantum numbers. The 
energy level scheme due to the hyperfine 
interaction in the N ,4 -N ls radical is illustrated 
in Fig. 2. The ESR spectra of this radical 
should consist of six lines of equal intensity. 
The hyperfine coupling constant K , s due to 
the interaction with the N 15 nucleus can be 
calculated from the ratio of the nuclear 
magnetic moments of the N 15 and the N 14 
nuclei and the measured Ku splitting from the 
N I4 ~N 14 ESR spectra. This calculation leads 
to a value of 27 G. for the for the d.c. 
H field parallel to the b axis of the unit cell. 
The values of K u and K ls can be used in 
equation (1) to predict the positions of the 
lines due to the N 14 -N 18 radical. The predicted 
positions of the lines" are shown in the 
bottom of Fig. 1. The Resonances labeled B 
appear to correspond to the positions pre¬ 
dicted by the theory. Not all of the six lines 
of the N 14 -N 15 spectra are visible because of 
the presence of other resonances from 
unidentified radicals. The unidentified 
radicals are labeled by the letter C in the figttre. 


That these lines are not due to the diatomic 
nitrogen radical is concluded from the fact 
that they have different annealing rates than 
the lines labeled A and B. The resonances 
labeled A and B all have the same annealing 
rates. 



Fig. 2. The energy level scheme for the hyperfine inter¬ 
action between an unpaired electron and an N 14 and N 16 
nucleus. The electron is assumed to have an equal 
probability of being at either nucleus. 

The major conclusion of the experiment is 
that the ultraviolet induced spectra in barium 
azide arises from a radical containing two 
nitrogen atoms. If the species were an N a 
neutral radical one would expect to get an 
ESR spectra in the isotopically labled barium 
azide only from an unpaired electron interact¬ 
ing with an N 14 and an N 1 * nucleus. No 
spectra due to an N 14 -N 14 type radical should 
result. The fact that equal amounts of N 14 - 
N 14 and N I5 -N 14 type radicals result indicates 
that the radical is diatomic and formed from 
the linear N 14 -N 14 -N 15 azide ion by the 
removal of an end nitrogen. Further it is 
indicated that the removal of either of the end 
nitrogens is equally probable. Thus the best 
model for the spectra appears to be the 
N 2 “ radical. 

Felt man Research Laboratories, F. J. OWENS 
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The simulation of a model of saturation of 
alkali halide crystals with F centres 


{Received 23 November 1970; in revised form 
16 February 1971) 


1. INTRODUCTION 

When an alkali halide crystal is irradiated 
with an ionizing radiation, F centres are 
formed. In recent years, interest in the reac¬ 
tions following the primary creation event has 
steadily increased. These reactions are at the 
origin of the decrease of the formation rate of 
the centres with irradiation time, and of the 
saturation. 

In [1], we described experiments made with 
5 to 45 keV electrons at room temperature on 
KC1, KBr, KI and NaCl samples. It was found 
that all F centre growth curves can be 
described by the function: 


0) 


with n the centre concentration, n 0 and b two 
adaptable parameters. 

The saturation concentration is of the order 
of 10 l ® to 10 20 cm -3 according to the nature of 
the sample. 


The mechanisms proposed as causes of the 
saturation (or the decrease of the formation 
rate) may be divided into two groups: 

(1) The formation .irate decreases because an 
equilibrium which dxists during irradiation 
between the formation and the destruction of 
centres shifts towards destruction when the 
concentration grows. Such models have been 
described by Wallis et al. [2], Sonder et al. [3], 
Durand et al. [4] and Farge[5], but only the 
latter investigators deduce an analytical repre¬ 
sentation of the growth curve from their model. 

(2) The growth rate of the density decreases 
because the number of primary events 
diminishes. Such mechanisms have been 
proposed by Goldstein [6] and by Pooley[7]. 
According to Pooley, at the temperatures at 
which interstitials are mobile, there exists 
around every F centre a 'prohibited volume’ 
inside which, when a Frenkel pair is created, 
the interstitial recombines, after a time of the 
order of the inverse of the lattice vibration 
frequency, with the F centre, and causes it to 
disappear. If an act of creation takes place 
outside the prohibited volumes, the inter¬ 
stitial disappears in an unspecified sink, and 
hence the corresponding F centre is stabilized. 
Because of its simplicity, this model leads to a 
growth curve which does not depend on 
different independent mechanisms, and which 
can be described by a small number of para¬ 
meters, as in fact we have observed [ 1 ]. 

2. SIMULATION 

To determine the analytical representation 
of their growth curves, most investigators, 
have used rate equations, i.e. equations whose 
variables are mean spatial values. Such a treat¬ 
ment of the processes is not convenient in 
every case, because it does not take into 
account correlated reactions, which, in fact, 
play a predominant role in the domain of high 
concentrations. We therefore used a Monte 
Carlo method to simulate colour centre 
growth curves. 

By analogy with Pooley’s proposition it is 
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supposed, that around and F centre or a centre 
which is formed in a number equal or propor< 
tional to the number of F centres (F 3 at room 
temperature [8,9]), there is a volume inside 
which another Frenkel pair cannot exist, 
because: 

either it recombines immediately (Pooley’s 
mechanism) 

or the primary creation event cannot take 
place. This could be for the following reasons: 

the displacement sequence [10] cannot 
occur because of the deformation of the 
lattice, 

the electron-hole recombination necessary 
for the creation of the defect takes place via 
the centre to which the prohibited volume 
belongs, i.e., the centre acts as a recombina¬ 
tion centre, a process of the same type as that 
suggested by Goldstein [6]. 

Outside the prohibited volumes Frenkel 
pairs can be created as in a virgin crystal. 

We have carried out simulated experiments 
in one and three dimensions. The three- 
dimensional crystal is a primitive cubic lattice 
of 30 3 sites. Cyclic boundary conditions have 
been used. Irradiation is simulated in the 
following way: by means of random numbers, 
the coordinates of a lattice site are deter¬ 
mined and the coordinates of the neighbouring 
sites, which determine its prohibited volume, 
are deduced from them. If the new volume 
overlaps with one already in existence the 
result of the attempt is ignored; if not, the 
coordinates of the prohibited volume are 
memorized and the attempt is considered a 
success. The number of attempts represents 
the irradiation dose, the number of successes 
the number of centres. The result of this cal¬ 
culation is given as a table of values for the 
coloration curve. Each experiment is repeated 
several times with other random numbers in 
order to diminish the statistical variations of 
the concentration values. The fact that ran¬ 
dom numbers are used implies that no cor¬ 
relation exists between the centres created 
along the trajectory of the ionizing particle. 
This is certainly true for the electronic irradia¬ 


tion we use. An electron of lOkeV has a 
range of some microns in the crystal and forms 
only 2 to 5 F centres along its path[l]: thus 
the distance between these centres is great 
compared to the average distance between 
neighbouring F centres at saturation (about 
ten interatomic spacings). 

To compare the values given by the simula¬ 
tion with those yielded by the real experiment, 
they were treated in the same manner as the 
results of the measurements: the parameters 
n 0 and b in equation (1) were determined by 
applying a least squares method to the values 
of the simulation. (The method was applied to 
the logarithms of the concentration values, 
and time values were chosen in exponentially 
increasing intervals). 

Several ‘experiments' were carried out in 
one dimension in order to determine the 
influence of the boundaries and of the size of 
the prohibited volume. It was found that the 
shape of the coloration curve no longer varies 
(i) above a prohibited volume (which is a line 
segment in one dimension) of 5 sites for a fixed 
ratio prohibited volume-total volume, (ii) 
above a total volume of 30, the prohibited 
volume being 6 sites. It is supposed that this 
result can be generalized for three dimensions: 
it is not necessary, when a cubic prohibited 
volume is used, to have a side length of more 
than 6 sites. 

The calculation in three dimensions show 
that about half of the total volume is occupied 
by the prohibited volumes when saturation is 
attained. As a real crystal saturated with F 
centres contains about one centre per 1000 
anion sites, its prohibited volume is approxi¬ 
mately 500 sites. The sid e length of the 
cube is thus about ^500 ~ 8, i.e. more 
than 6 sites, and, as explained above, the 
calculations can be made with a side length of 
6 sites. 

The ‘crystal’ was ‘bombarded’ until the 
increase of concentration was less than 4 per 
cent when the ‘irradiation time’ doubled. This 
corresponds to 4096 attempts of which about 
60 were successes. The result, which is the 
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average over 5 runs, is shown on Fig. 1 as 
also is a function of type (1). 

The figure further illustrates: 

Experimental values obtained by irradiating 
a Korth KBr single crystal with an electron 
beam of 20 kV, 2/jAlcm 2 . The scales are 


basic mechanism are not yet sufficiently well 
known. 

Several modifications of the present form 
of the model might be suggested: 

It has been supposed that a prohibited 
volume has a well-defined boundary, but the 
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Fig. 1. Colour centre concentration plotted against irradiation time in a real experi¬ 
ment (Korth-KBr, 20 keV, 2 A /cm 2 ) and in a simulated experiment. The units 
correspond to the real experiment. 


chosen in such a way that the function (1) 
fitted to these values is congruent with that 
obtained from the simulated experiment, 
the function n = n 0 (l —e~ w/2 ), which has 
the same initial slope and saturation value as 
(1). It 4 can be seen that the saturation obtained 
experimentally is attained much more slowly 
than that given by an exponential function. 


3. DISCUSSION 

The simulation yields a growth curve which 
is in close agreement with those obtained 
experimentally at room temperature by elec¬ 
tron irradiation. The model at the basis of this 
calculation is purely geometric, for the physi¬ 
cal processes at the origin of the prohibited 
volumes have not been considered. They 
must, however, be taken into account, if the 
calculations are to be improved, but at the 
moment, this does not seem possible, for the 


probability of formation will presumably 
decrease continuously when an already 
existing centre is approached, 

the calculation implies that once a centre is 
created, it remains stationary. If the prohibited 
volumes belong to F centres, we will have to 
take into account the fact that, under irradia¬ 
tion they are transformed into M centres and 
vice versa, 

if the interstitials stabilize as clusters, as 
suggested by Sonder et ai [ 11 ] and Durand 
et ai[ 4], then, if a new F centre is to be 
created, it is not enough for an interstitial to 
form at a sufficient distance from the existing 
centres, but it must also diffuse towards a 
cluster without recombining. In this case the 
diffusion has to be simulated in a random walk 
calculation [12]. 

If the hypothesis on which this model is 
based is true, this has important consequences 
for the distribution of the centres in the 
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saturated crystal: mechanisms which can be 
treated by rate equations result in a statistical 
centre distribution while the prohibited 
volume mechanism provokes a more regular 
distribution. The distance between neighbour¬ 
ing centres at saturation is: 

greater than the diameter of the prohibited 
volume, 

less than twice the diameter of the prohibited 
volume (otherwise the crystal would not be 
saturated). 

If such a distribution could be distinguished 
from a statistical distribution, a criterion for 
the validity of the model would have been 
found. However, we did not find a method 
sensitive enough for such an order to be made 
evident. 
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Derivation of distribution functions from 
relaxation data 

(Received 24 September 1970; in revised form 22 
January 1971) 

In the past few years, a sizable number of 
studies have been carried out on relaxation 
phenomena in glasses and glass-forming 
liquids. In most cases, the experimental data 
have indicated that the relaxation processes 
are complex -i.e. they are not describable in 
terms of a single relaxation time. Rather, a 
distribution of relaxation times is required to 
represent the data. 

In the case of dielectric relaxation, the 
dielectric loss is then represented: 

( 1 ) 

0 

where t" is the dielectric loss (the imaginary 
part of the complex dielectric constant); 
€h is the relaxed (low-frequency) dielectric 
constant; e v is the unrelaxed (high frequency) 
dielectric constant; o> is the frequency; t is 
the relaxation time; and G(r) is the distribu¬ 
tion function of relaxation times. 

In the case of mechanical relaxation, the 
corresponding expression is: 

m<o) = (M v - M r ) j ( 2 ) 

0 

where M" is the mechanical loss; M v is the 
unrelaxed (high-frequency) modulus; M R is 
the relaxed (low-frequency) modulus; and 
F(t) is the distribution function of relaxation 
times. 

Experimental studies provide data on e" as 
a function of frequency as well as e R and € V , 
or on M" as a function of frequency as well 
as M v and M R . The standard procedure (1, e.g.) 
then involves assuming various forms for 
the respective distribution functions —e.g., 



TECHNICAL NOTES 


2653 


log normal distribution, Cauchy distribution, 
wedge distribution, box distribution, etc.- 
calculating the integrals in equations (1) or 
(2), and comparing the result with the experi¬ 
mental data on dielectric loss or mechanical 
loss as a function of frequency. If ‘reasonable* 
agreement is found between experimental 
data and the calculated loss curve for a parti¬ 
cular distribution of relaxation times, the 
data are then discussed in terms of the 
parameters characterizing that distribution. 
If, on the other hand, the agreement between 
calculated and experimental loss curves is 
poor, the investigator is faced with difficulties 
of real consequence and must frequently 
resort to discussion in terms of one of the 
distribution functions, which may fit the 
experimental data better than the other 
standard functions, but which fails to represent 
important features of the observed loss. 

In the present brief paper, we shall describe 
an analytical technique which avoids these 
difficulties and permits the appropriate distri¬ 
bution function to be derived directly from the 
data. 

Consider a general form of the relaxation 
expression: 

o) 

o 

where P" is the loss, P 0 is constant deter¬ 
mined from experimental data, and H(t) is 
the appropriate distribution function. 

This can alternatively be represented in 
the form of a summation: 


P"(o>d = P 0 2 
}-1 


HiTiitoiTjATj 

1 + lOfV 


(4) 


where the precision of the representation 
depends on the number of terms, n, used in 
the sum. 

The distribution function, H(tj), may be 
obtained from equation (4) by considering 
the frequency spectrum as divided into the 
same number of points, n, as the number of 


terms considered in die relaxation time 
spectrum. Then equation (4) corresponds to 
a series of n simultaneous equations, each 
, with n terms: lt 

f » 


P>,) - A it H(r l HA u H(T t )+' • ■+A ln H{T n ) 

F W = A„H(Tx)+A a H{T i )+- • • +A tn H( r„) 

P>„) = A nl H(r,)+A nl H(T t ) + - • • +A nH //(r n ) 

(5) 


where 


Au 


PoWitAt, 

1 + G>, 2 Tj 2 * 


(6) 


The terms Ay can then be constructed into a 
matrix, M, such that 


r = mh(t). (7) 

Hence in terms of the reciprocal matrix, M~ l , 
we obtain: 


H(t) = M-'P". (8) 

Hence H{r) can directly be determined from 
a knowledge of the loss, P", and the para¬ 
meters in the various A u terms. 

The analysis of the preceding section has 
indicated that the distribution of relaxation 
times characterizing a given relaxation 
process can be obtained directly from experi¬ 
mental data. Corresponding distributions of 
activation energies can be derived from the 
distribution of relaxation times by the usual 
techniques. It is important, of course, that 
the experimental data be available over a wide 
range of frequency so that the resulting distri¬ 
bution functions can be specified with pre¬ 
cision. In practice, a range of three decades 
or more in frequency around the maximum in 
the loss curve is generally sufficient. 

As with previous techniques, the present 
analytical method does not permit by itself 
a ready differentiation to be made between a 
continuous distribution of relaxation times 
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and a small number of discrete relaxation 
times. Such differentiation must be made, in 
cases where it is possible, on the basis of other 
information. In the present analysis, a con¬ 
tinuous distribution is assumed [equations 
(l)-(3) above] and will be obtained from the 
matrix inversion. 

It should also be noted that the present 
analytical method is used within the frame¬ 
work of a phenomenological description of 
relaxation data. Consequently, it does not by 
itself indicate whether the derived distribu¬ 
tion of relaxation times reflects a distribution 
of molecular processes or results from non- 
linearities in the system or other causes. 
Such distinctions must again be made on 
other grounds [See, for example, the dis¬ 
cussion in Refs. [2] and [3]]. 

In carrying out the present analysis, the 
number of terms (n) used in the matrix should 
be large enough that the data can be faith¬ 
fully represented and small enough that the 
inversion can be carried out with a reasonable 
expenditure of computer time. In most cases, 
20-30 terms are sufficient to describe the 
data. In all cases, these terms should be 
spaced at sufficient intervals that the full 
range of the experimental results are repre¬ 
sented; and in all cases the normalization 
integral, H h should be 0-99+. Here 

T » 

Hi = j H(t) dr. 

Ti 

While there are no formal restrictions on the 
selection of the t } and Ait is convenient in 
practice to select a range of tj which corre¬ 
spond to the frequency range of the experi¬ 
mental data. Using a suitable selection of a> t 
to represent the rang#, of the available data, 
the Tj may then be selected as: 

1 


and the A tj as: 



Adopting these procedures, a distribution of 
relaxation times can be obtained which 
provides a direct description of the experi¬ 
mental data. This distribution will not depend 
on the value of n or the spacing of terms 
selected, provided n is sufficiently large (and 
Atj is sufficiently small) that the experimental 
data are well represented, and not so large 
(and Atj not so small) that precision is lost 
during the matrix inversion. These conditions 
are satisfied for values of n which are con¬ 
venient for the inversion, such as n = 20 to 
30 or so, and experimental data covering 
some 3 or 4 decades in frequency. The 
derived distribution will, of course, reflect 
any errors which may be present in the 
original data (as will any phenomenological 
description). 

It should be apparent from the preceding 
discussion that the present analytical tech¬ 
nique is a simple and straightforward one. Its 
principal advantage over previous methods 
of analyzing relaxation data lies in the fact that 
no a priori assumptions concerning the form 
of the distribution function are involved in 
its application. In some cases, this can 
provide unique information; while in others, 
the experimental data may usefully be des¬ 
cribed in terms of one of the standard distri¬ 
bution functions. Consequently, it is suggested 
that the present method be used as a comple¬ 
ment to rather than a substitute for the usual 
methods. 

As an example of the use of this technique, 
let us analyze the dielectric relaxation data 
obtained in this laboratory on a 0-15 CsaO- 
0*85 Si0 2 glass at 125°C[1], As shown in 
Fig. 1, the dielectric loss for this glass-as 
indeed for most glasses-is asymmetric to 
the high-frequency side of the peak. Distri- 


( 10 ) 
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Fig. 1. Dielectric loss as a function of frequency. 


bution functions of various forms can be 
assumed for describing the data and used 
with varying degrees of success. The distri¬ 
bution of relaxation times obtained by apply¬ 
ing the analysis of the preceding section is 
shown in Fig. 2. In this application, the 
value of n was taken as 25, and the Tj and 
A tj for the matrix inversion were selected as 



Fig. 2. Derived distribution of relaxation times. 


outlined by equations (10) and (II). As 
expected, the derived distribution function 
provides a highly precise representation of the 
experimental data. The distributions of relaxa¬ 
tion time derived from dielectric relaxation 
studies on this and other glasses will be dis¬ 
cussed at length in a subsequent paper[4]. 

The present paper has described a simple 
technique for deriving distribution functions 
of relaxation times directly from experimental 
data on relaxation phenomena. It is suggested 
that the technique can be employed with wide 
generality and that it can be particularly 
helpful when the standard distribution func¬ 
tions do not provide adequate representations 
of important features of the data. 
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A diffraction study of diffusion in the Mo-Cr 
system 

(Received 29 December 1970) 

A diffraction method for studying inter- 
diffusion in powder compacts was first pro¬ 
posed by Duwez and Jordon [1], and later put 
on a quantitative basis by Rudman[2] and 
applied to the Cu-Ni system by Fisher 
and Rudman[3] and also be Hecke![4]. 
Diffraction method has also been applied to 
analyze diffusion under one dimensional con¬ 
ditions^, 6]. The present work is concerned 
with an application of the Rudman-Duwez 
method to ab.c.c. system. Specifically, Mo-Cr 
system was chosen for this purpose as infor¬ 
mation relating to interdiffusion in this system 
is rather scanty and also somewhat conflicting: 
Pines and Smushkov[5] and Gruzin et at. 
[7] have reported parameters characterizing 
the diffusion of Cr in Mo (see Table 1; a 
summary of their original Russian paper ap¬ 
pears in the Chemical Abstracts [6]). Proiosh- 
kin and Sidunova[8] and Arzhanyi and 
Volkova[9] from experiments with diffusion 


Table 1. Average diffusion parameters for 
b.c.c, binary systems 


System 

D 0 (cm 2 / sec) 

Q (k cal./mole) 

Ref 

Mo-Cr 

2 9x 10“ 3 

61 4 

This work 

Mo-Cr 

2-7 x ]0 3 

58-0 

7 

Mo-Cr 

7-5 X 10* 1 

84-0 

5 

Mo-Ti 

1-OX 10- 3 

66-0 

12 

Mo-Cb 

1-Ox 10 +3 

137 

12 

Cb-V 

5-Ox tO' 2 

68-0 

12 


couples, on the other hand, have concluded 
that Mo and Cr do not form a continuous 
series of solid solutions and postulated the 
existence of an intermediate phase contrary 
to other works on this system [10]. The diffrac¬ 
tion method for studying interdiffusion is 
suited to systems with complete range of solid 
solubility and our preliminary measurements 
were concerned with this question. We how=^ 


ever failed to detect any intermediate phase or 
any other deviations from complete solid 
solubility in Mo-50%Cr powder compacts 
following successive diffusion anneals at 
1050 or 1200°C. 

For the diffusion runs, samples were pre¬ 
pared by mixing thoroughly high purity + 325 
mesh size Mo and Cr powders in equiatomic 
proportions. The mixture was compressed 
into 1 in. dia. billet forms under 35,000 psi 
pressure and given diffusion anneals at 1050 
and 1200°C for times ranging from 50 to 1600 
min under continuous flow of argon. Follow¬ 
ing each annealing treatment the sample sur¬ 
face was gound on 400 and 600 grit papers to 
remove any oxidized surface layer. The small 
degree of cold work introduced in this process 
was relieved by a short anneal (15 min) at a 
lower temperature (800°C), (In a separate run 
it was established that no measureable diffu¬ 
sion occurred at this temperature even after 
annealing for 1600 min. Following the strain 
anneal the sample was lightly ground and 
etched before making the diffraction runs. 
These consisted of recording the (200) 
diffraction profiles of Cr and Mo in a single 
continuous run following each diffusion 
anneal. Filtered Mo Ka radiation was used 
and the peaks were scanned at 0.2°/min coun¬ 
ter velocity in a 0 — 29 scanning diffractometer 
equipped with a scintillation counter. Follow¬ 
ing Rudman[2], each measured profile was 
corrected for instrumental broadening and the 
remainder of the broadening attributed to 
composition fluctuation in the sample. The 
corrected profile f(26) may then be shown to 
be related to N(c ), the number of unit cells 
of composition c in the sample by the equa¬ 
tion [2] 

N(c) = Q(c)f(2$) (1) 

where 

Q(c) = [kA-'vd’(c)dKh(c)} 

x[c/ M o+(i-c)/ cr n 
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29 is the scattering angle, c is the atom frac¬ 
tion Mo in the sample, dhki(c) is the (hkl) 
interplanar spacing which is a function of c, 
d'(c) = d(d hkl )!dc, v is the volume of the 
unit cell, A is the absorption factor, the /Y 
represent the atomic scattering factors for Cr 
and Mo corrected for anomalous dispersion 
and A: is a constant. The lattice parameters for 
the Mo-Cr system, was taken from the work 
of Goldschmidt and Brand [11] which gives a 
linear variation between 3145 A for Mo to 
2880 A for Cr from which d'(c) was com¬ 
puted. In order to obtain the concentration- 
penetration profile, Rudman[2] defines a 
parameter x , equivalent to the penetration 
parameter used in conventional diffusion 
studies, in terms of N(c) 

*= [j o C N(c) Ac j f* N(c) dcj. (2) 

Using equations (1) and (2), the measured (200) 
Mo-Cr diffraction profile after each diffu¬ 
sion anneal was reduced to a c-jc profile. The 
results for the 1200°C diffusion runs are shown 
in Fig. 1. Similar curves were obtained for the 
1050°C anneals. The concentration penetra¬ 
tion curves (Fig. 1) have the expected shapes 
except near the regions x —► 0, 1 where there 
is a tendency for the curves to round off. 
Straight line extrapolations shown by the 
dashed lines in Fig. 1, however, appear more 
reasonable as it is unlikely to have a few isola¬ 
ted regions of pure metals in the sample nor 
instantaneous contamination of all metals 
at the earliest possible annealing time, as the 
rounding-off of the c-jc curves would seem to 
indicate. Similar behavior has also been re¬ 
ported for the Cu-Ni system by Fisher and 
Rudman[3] who considered it as an artifact 
arising from the approximate nature of the 
instrumental broadening correction. It is 
possible to derive from these curves the time 
variation of the degree of interdiffusion 
which is defined by the ratio (m,/m w ), where 
m t is the net mass transfer across the inter¬ 
face between the components at time t and 



Fig. I. Fraction Mo (c) as a function of the penetration 
parameter (jc) for Mo-Cr powder samples interdiffUsed 
at 1200°C for the indicted times (r) in minutes. 


m M is the same quantity at infinite time [2, 3]. 
m t is given by an integration over the c-jc 
profile: 

r c(x'-0) 

m t = f x' dc (3) 

where x' — 0 defines the original interface 
between the components. The variation of 
(m f /m») with time is shown in Fig. 2 for the 
two interdiffusion temperatures used in this 
study. Assuming an Arrhenius type tempera¬ 
ture dependence for m h an average activation 
energy Q for interdiffusion in the Mo-Cr 
system may be derived from this data; the 
result is listed in Table 1. 

In addition to Q, it is also possible to 
derive information about the average D and 
hence D 0 from the c-jc profiles (Fig. 1) by 
postulating a specific model for diffusion. 
From the works on the Cu-Ni system it 
appears that the concentric sphere model[3,4] 
is perhaps the most appropriate one for de¬ 
scribing interdiffusion in powder compacts. 
The validity of this model in the present work 
was determined by metallographic examina- 
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Fig. 2. Degree of interdiffusion as a function of (timeH during annealing of Mo-Cr 
powder compacts at 1050 and 1200°C, respectively, 


tions which revealed, quite early in the pro¬ 
cess, roughly spherical Cr rich regions in the 
sample surrounded by Mo rich material; this 
pattern continued until the entire Cr-rich core 
had been consumed. (A micrograph of the 
sample after 75 min at 1050°C is shown in 
Fig. 3.) 

Adopting this model and with appropriate 
boundary conditions[3], the diffusion equa¬ 
tion may be solved for c(x) for different values 
of D and t. By comparing these curves with 
the experimental c(x) curves a value of D is 
found which gives the best fit between the two 
sets for a given temperature. The results ob¬ 
tained in this manner are listed in Table 1 
along with the D 0 and Q values for several 
other b.c.c. systems taken from the literature 
[12]. It is seen that the Q value for the Mo- 
Cr system follows the same, generally higher 
trend found for other b.c.c. systems while 
the D 0 values do ijpt seem to show much cor¬ 
relation; the X-ray Values and that of Gruzin 
et af.[7], however, are in good agreement. 
The X-ray analysis yields only the average 
diffusion parameters, corresponding to difftl^ 


sion in a concentrated solution. It is possible, 
however, to draw some qualitative conclusions 
regarding the relative difFusivities of the two 
components. For example, the c-x profiles 
(Fig. 1) show that after 50 min at 1200°C 
no pure Mo is left in the sample while con¬ 
siderable Cr remains. This faster contamina¬ 
tion of Mo by Cr may be indicative of a higher 
intrinsic diffiusivity for Cr compared to Mo, 
a result which is expected to hold especially 
in concentrated solutions. Second, we note 
that despite the high interdiffusion tempera¬ 
tures used and the high Q value found in the 
present work indicating the dominance of 
volume diffusion, it is unlikely that some 
surface diffusion is not involved in the sinter¬ 
ing of the powder compacts. In fact, the quick 
encircling of one metal by the other mentioned 
above does indicate the importance of surface 
diffusion during the early stages of annealing. 
However, the overall rate controlling process 
in achieving homogenization is volume diffu¬ 
sion and this is what the composition profiles 
and the D 0 and Q values derived from the 
diffraction data represent. 




Fig. 3. Photomicrograph of Mo-Cr powder compact after inter¬ 
diffusion at 1050°C for 75 min. Cr rich and Mo rich regions are in 
light and dark contrasts respectively. Mag. approx. I 70*. 
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ERRATA 


J. S. REID and T. SMITH: Improved Debye-Waller factors for some alkali 
halides. J. Phys. Chem. Solids 31,2689 (1970). 

The authors regret that in the appendix to the above article a factor of 2 has 
been misplaced in equations (7a), (9a), (10a) and (3a). However there are no 
changes in any of the results given in the article since they were obtained using the 
correct equations. These should read 
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, L. L. ISAACS and D. J, LAM: The magnetic susceptibilities of hexagonal Tc- 
Ru,Tc-Rh, and Ru-Rh alloys J. Phys . Chem . Solids 31, 2581 (1970). 

The last sentence in column 1, p. 2582, should read: 

‘Hence, the total diamagnetic contribution Xdia. for technetium is estimated as 
— 30 x 10' 6 emu/mole.’ 

The first paragraph in column 2, p. 2582, should read: 

‘The orbital paramagnetism Xorb. of d-electrons is difficult to calculate, but for 
technetium an estimated value of 60 x 10~ 6 emu/mole was derived from Knight 
shift data[5]. When the estimated values for the diamagnetic susceptibility and 
orbital paramagnetism were combined with the measured value of 120 x 10” 6 
emu/mole for technetium, we obtained an enhanced spin-susceptibility, \pl 
1 — <J>/V(E^), value of 90 x 10~ 6 emu/mole.’ 
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ROTATIONAL PHASE TRANSITIONS IN 
- MOLECULAR SOLIDS 

D. S. WEBSTER* and M. J. R. HOCHt 
University of Natal, Pietermaritzburg, South Africa 

(Received 18 January 1971; inmvisodform 22 April 1971) 

Abstract-Phase diagrams to 6kbar have been obtained for solid cyclopropane, cyclohexane, and 
ethane. A new solid phase has been found in ethane. The results are discussed in terms of the Pople- 
Karasz theory for rotational phase transitions and fusion of molecular solids. In an effort to bring 
the theory into closer agreement with experiment the theory has been modified by choosing a central 
(28,7) form fipc the intermolecular potential instead of the (12,6) form used by Pople and Karasz. 
While there is ibme improvement in the comparison of experimental and theoretical phase diagrams 
the other thermodynamic predictions of the modified theory are in conflict with observations. The 
modification to the Pople-Karasz theory recently proposed by Amzel and Becka is also discussed. 


1. INTRODUCTION 

It is well known that a large number of 
molecular crystals exhibit one or more solid- 
state phase transitions, distinct from the melt¬ 
ing transition, at atmospheric pressure. Such 
transitions correspond to the loss of some, or 
all, long-range orientational order. As might 
be expected, the molecular shape appears to 
be of importance in determining whether 
orientational and positional order disappear 
simultaneously in a single melting transition 
or separately in two or more transitions. 

Pople and Karasz [1,2] have extended the 
well-known Lennard-Jones and Devonshire 
[3,4] theory of fusion to include orientational 
order-disorder transitions by allowing the 
molecules to take up two orientations on a 
lattice site. Coupled orientational and posi¬ 
tional energy terms are included in the parti¬ 
tion function and a parameter v is introduced 
as a measure of the ratio of energy barriers 
for orientational and positional disorder. It is 
found that there are critical values for v which 
the theory gives as 0-325 and 0-66. Three 
types of behaviour are predicted. 


*Now at Research Department, African Explosives 
and Chemical Industries, P.O. North rand, Transvaal, 
South Africa. 

tNow at Department of Physics, University of the 
Witwatersrand, Jan Smuts Avenue, Johannesburg, South 
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(a) For v < 0-325 a rotational solid-state 
transition occurs before melting at all pres¬ 
sures, Furthermore, For values of v between 
017 and 0-325, a transition of this type should 
change from first to second order at high 
pressures while for v < 0-17 the transition 
should always be of second order. 

(b) For 0-325 < p < 0-66, the two transi¬ 
tions coincide at zero pressure but separate at 
higher pressures. 

(c) For p 5* 0-66 a combined transition is 
predicted for all pressures. 

Karasz and Pople [2] have compared the 
theoretical predictions with available experi¬ 
mental data for a number of substances which 
exhibit behaviour of types (a) and (c). Apart 
from the prediction concerning the change of 
order of transitions, the agreement is encourag¬ 
ing. 

Clearly it would be of interest to seek 
materials which give behaviour of type (b). 
It is not possible to assign v values to particul¬ 
ar molecular systems on the basis of structural 
parameters alone. Most of the small diatomic 
(e.g. N,, HC1), triatomic (e.g. H,S) and tetra¬ 
hedral polyatomic systems (e.g. CH.) exhibit 
solid-state rotational transitions at zero pres¬ 
sure. According to the Pople-Karasz theory 
these have low v values (less than 0-325) pre¬ 


sumably corresponding in these cases to low 
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barriers to reorientation because of the rough¬ 
ly spherical repulsion envelopes. We have 
determined the phase diagrams for ethane and 
cyclopropane which are fairly small hydro¬ 
carbon molecules with non-spherical repulsion 
envelopes. We have also made measurements 
for cyclohexane. Ethane was specifically 
suggested by Karasz and Pople[2] as a system 
which might exhibit behaviour of the type 
(b) given above, corresponding to a v value in 
the range 0-325-0-66. 

Recently Amzel and Becka[5] have pro¬ 
posed a modification of the Pople- Karasz 
theory. They postulate that for each molecule 
on a lattice site there are not two but D 
possible orientations. The parameter D is 
chosen by considering the symmetry of mole¬ 
cule and lattice. The modified theory gives 
predictions which are physically more realistic 
than those of the unmodified theory in that for 
D > 2 all transitions are predicted to be of 
first order. Amzel and Becka show that by a 
suitable choice of v, D, and the molecular 
force constants, it is possible to obtain good 
agreement with experimental data for a number 
of substances. 

In Section 3 we propose a different modifi¬ 
cation to the Pople-Karasz theory involving 
a change in the intermolecular potential. 
Section 4 compares the experimental data 
with the different versions of the theory. 

2. EXPERIMENTAL 
The high pressure apparatus 

A conventional high pressure apparatus of 
the piston-cylinder type involving a Bridgman 
unsupported-area seal was used. It is similar 
to that described by Stewart [6] for work on 
solidified gases. The maximum pressure for 
the present experiments was 6 kbar. Tempera¬ 
tures in the range 77-270°K were obtained 
using a reservoir type cryostat [7] in which 
liquid nitrogen was vapourised at a controlled 
rate in a copper spiral wound around the 
sample cylinder. Temperature measurements 
were made with a copper-constantan thermo¬ 


couple. The stability and measurement accur¬ 
acy was better than 1°K. 

Sample pressures were obtained from the 
calculated multiplier ratio, and the hydraulic 
system pressure as measured on a Bourdon 
standard test gauge. The piston displacement 
was monitored using a sensitive Mercer dial 
gauge and phase transitions were detected as 
discontinuities in the P-Kcurve. The pressure 
calibration of the apparatus was checked by 
making measurements on the solid-state tran¬ 
sition in Rbl. The phase diagram obtained 
agreed to within 2 per cent with that of 
Pistorius[8]. 

Sample preparation 

The ethane and cyclopropane samples 
were drawn from cylinders supplied by the 
Matheson Corporation and African Oxygen, 
respectively. Both were stated to be better 
than 99 per cent pure as supplied and were 
further purified by fractional distillation- 
condensation processes. The cyclohexane was 
BDH spectroscopic quality, and had a stated 
purity of better than 99 per cent (estimated to 
be of the order of 99-9 per cent) and was used 
without further purification. The gaseous 
samples were introduced into the high pres¬ 
sure cylinder through a small hole near the top 
(which led via a length of cupronickel tubing 
to a gas handling system) using essentially the 
technique described by Stewart [6]. The cyclo¬ 
hexane, being a liquid, was simply pipetted 
into the cylinder. 

Measurements 

The phase diagrams for the three substances 
investigated are depicted in Figs. 1, 2 and 3. 
Great difficulty was experienced in containing 
the ethane sample in the liquid phase. Even 
the use of an indium gasket and brass anti¬ 
extrusion rings [7] in the Bridgman unsup¬ 
ported area seal was not completely success¬ 
ful, and leakage generally occurred within 10 
or so pressure cycles. Cyclopropane showed 
no signs of extrusion when teflon w^s used as 
the gaslcet material in the Bridgman seal, but 
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Fig. 1. Phase diagram for cyclohexane. 



• Fig. 2. Phase diagram for cyclopropane. 



2m 

this was found quite ineffective for ethane. 
Frictional effects were much more pronounced 
for ethane measurements than for the others. 

The most realistic collection for friction is 
taken to be the average separation between 
the curves for increasing and decreasing pres¬ 
sure, at constant displacement, away from the 
transition (Bridgman [9], Stewart{6]). This 
value is assumed to apply over the transition 
discontinuity. Uncertainty bars shown were 
obtained from the hysteresis loop at the mid¬ 
point of the volume discontinuity after correc¬ 
tion for frictional effects. 

Only one point on the melting curve of 
cyclohexane was taken, and the curve drawn 
is that obtained by Deffet[lO] as quoted by 
Babb[ll]. No sign of any triple point was 
found with cyclopropane over the pressure 
range studied. Ethane, however, definitely has 
a solid-state transition at high pressure which 
must originate from a triple point on the 
melting curve. Unfortunately, the experi¬ 
mental difficulties of containing the sample at 
the lowest pressures and temperatures did not 
permit any successful experimental results at 
pressures low enough to establish the exact 
position of the triple point. 

3. THEORY 

Thermodynamic predictions of the Pople- 
Karasz theory using a (28,7) potential 

The Pople-Karasz theory! 1], as well as the 
Amzel-Becka modification [5], employs the 
(12,6) intermolecular potential. Hamman and 
Lambert [12] have made the empirical observa¬ 
tion that a (28,7) potential fits the data for 
globular hydrocarbon molecules better than 
a (12,6) potential. This is supported by 
Prigogine[13] who has considered various 
models of globular molecules and has shown 
that the assumption of a (12,6) interaction 
between the outermost atoms gives a total 
central effect which is strongly modified from 
a (12,6) form. The (28,7) potential may be 
regarded as a better approximation. For the 
above reasons, and in an effort to improve the 
agreement between experimental and theoreti- 


Fig. 3. Phase diagram for ethane. 
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cal phase diagrams, we have modified the 
Pople-Karasz theory by introducing the (28,7) 
potential instead of the (12,6) potential. 

The statistical model and the solution of 
the cooperative order-disorder problem have 
been treated in detail by Pople and Karasz [ 1 J. 
We follow their notation. 

The theory postulates two interpenetrating 
lattices, a and /8, each of TV sites with the 
molecules distributed among the 2N available 
sites. The total partition function Z is written 
as Z =/ v ft where / ,v is associated with the 
vibration of each molecule on a lattice site and 
fl takes account of lattice disordering. The 
expression for fl is 

ft - 2 exp [- (N+W+N tHm W 


+ N Mt W , )lkT] (1) 

where the sum is over all orientations and 
arrangements of particles on the a and /8 
lattice sites and W and W' are respectively the 
interaction energies for a/3 nearest neighbours 
and a,a 2 (or /3j/3 2 ) nearest neighbours. is 
the number of neighbours on a and /3 sites in 
any given configuration while N am and 
N 8l0t are, respectively, the number of a- 
site neighbours and /3-site neighbours with 
unlike orientations. Using the Bragg-Williams 
approximation, Pople and Karasz obtained an 
expression for ft in terms of two order para¬ 
meters, Q, the fraction of molecules on a- 
sites, and S, the fraction in 1-orientations. 

The Helmholtz free energy A and the 
pressure P are conveniently split into two 
parts 

A=A'+A" 

= -NkT\ogf-kT\og(l. (2) 


P = P' + P" 



Evaluation of P' may be carried out using 


free volume theory. Pople and Karasz[l] and 
Amzel and Becka [5] used the thermodynamic 
functions tabulated by Wentorf el al. [ 14] on the 
basis of spherically smoothed three-shell cal¬ 
culations. This involves the (12,6) intermole- 
cular potential. 

Some tables for the (28,7) potential have 
been given by Hamman and Lambert [12] for 
values of F/K 0 appropriate for the gaseous 
phase. These have been extended by us to 
cover a wider range of values*. Our method 
was checked by regenerating the figures 
quoted by Hamman and Lambert. 

In order to calculate P" it is necessary to 
specify the volume dependence of W and W'. 
Assuming that the repulsive forces dominate 
in determining the volume dependence we 
take WIW' independent of volume and 

w ^ w *xy) (4) 


where fV 0 is a constant proportional to e 0 . 
The pressure P" is found to be given by 


P"V o 
NkT 


28 Fa ZW 

fTrfS-teO-O+vSO-S)} 

i V Ki (5) 


which differs only by a factor \ from the (12,6) 
expression obtained by Pople and Karasz. 
The values of Q and S which maximise the 
partition function are readily obtained from 
expressions given by Pople and Karasz involv¬ 
ing v = Z'W'jZW and ZW/kT. The factors Z 
and Z' are, respectively, the number of /8 sites 
which are nearest neighbours to an a site and 
the number of a sites which are nearest neigh¬ 
bours to an a site. In order to facilitate com¬ 
parison with the Pople-Karasz and Amzel- 
Becka theories we have chosen W o le 0 — 0-977. 

A total isotherm is obtained by adding the 
two components P' and P". Isotherms calcul¬ 
ated in this way using both the (12,6) and 


•Tables of values of the compressibility factor P'VI 
NkT as a function of the reduced temperature kT/e «and 
reduced volume F/F 0 are available and will be supplied on 
request. - 
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(28,7) intermolecular potentials are compared equal area principle to the sigmoid portion 
in Fig. 4. The kinks correspond to the transi- of an isotherm. A computer programme was 
tions at which orientational and positional drawn up to do this and to generate phase 
order disappear. The equilibrium transition diagrams for given v values. A series of phase 
pressures may be obtained by applying the diagrams are shown in Fig. 5 for both (28,7) 



0-4 0 8 T „ 1-2 t-e 04 08 T „ 1*2 1-8 

Fig. 5. Theoretical phase diagrams for (12,6) and (28,7) intermolecular potentials for 

various values of v. 
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and (12,6) potentials. The latter agree well 
with those given by Pople and Karasz for v 
values which coincide. 

For die (28,7) model a critical value at v = 
0-20 is found below which the two transitions 
are distinct at zero pressure and above which 
they coincide at zero pressure but separate at 
higher pressures giving a triple point on the 
melting curve. For v > 0-6 the theory predicts 
a combined transition for all pressures. For 
v > 1 *0 the transitions separate again, as is 
found in the (12,6) case, with positional order 
disappearing before orientational order. 

The zero pressure transition temperatures 
and the volume changes across the transitions 
are compared in Figs. 6 and 7 for the (28,7) 
and (12,6) cases. The (12,6) model leads 
to the prediction that solid-state transitions 
should be of second order for v < 0-17 while 
for 0-17 < v ss 0-325 they should become 
second order at elevated pressures. For the 
(28,7) model all the solid-state transitions, 
corresponding to v < 0-2, are predicted to be 



Fig. 6. Melting (m) and solid (i) transition temperatures, 
at zero pressure, for (12,6) and (28,7) intermolecular 
potentials Jts a function of v. 



Fig. 7. Volume changes for melting (m) and solid U) 
transitions, for (12,6) and (28,7) intermolecular poten¬ 
tials, as a function of v. 

of second order even at zero pressure. How¬ 
ever, when 0-2 < v < 0-6, first order transi¬ 
tions, which separate at a triple point, are 
predicted. 

An important difference between the modifi¬ 
cation to the Pople-Karasz theory given here 
and that proposed by Amzel and Becka[5] is 
that changing the form of the central inter¬ 
molecular potential alters primarily the P' 
contribution to P whereas introducing the 
parameter D alters the configurational terms 
and hence P". In this connection it should be 
mentioned that the use of the Bragg-Williams 
approximation in calculating/!", and hence the 
thermodynamic functions derived from it, 
involves introducing certain errors. In com¬ 
paring the trends predicted by the Pople- 
Karasz and Amzel-Becka theories it would be 
of interest to know how such trends are 
affected by the use of the Bragg-Williams 
approximation. In determining this the quasi¬ 
chemical approximation would probably be 
useful. 
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4. DISCUSSION 

Cyclopropane and cyclohexane 

Cyclopropane and cyclohexane belong to 
the family of cyclic hydrocarbons (CH 2 ) V 
n = 3,4,5,6. These are fairly symmetrical 
molecules which will be spherical upon rota¬ 
tion, and fall into Timmermans [15] classifica¬ 
tion as ‘globular’ molecules. Solid-state transi¬ 
tions are known to occur in all except cyclo¬ 
propane. The temperature range of the plastic 
crystal phase (solid I) increases going up the 
series C 4 H g to C e H , 2 . 

The n.m.r. work for these substances has 
been reviewed by Hoch and Rushworth[l6], 
Effectively isotropic reorientation accom¬ 
panied by some self-diffusion occurs in the 
plastic crystal phase for C 4 H 8 , C s Hi 0 and 
C 6 H t2 . In cyclopropane the molecules re¬ 
orient about their 3-fold axes below the melt¬ 
ing point. (Above 120°K the correlation time 
for this motion is less than 10 -S sec.) Reorien¬ 
tation about the molecular 3-fold axes also 
occurs in cyclohexane below the solid-state 
transition point. 

Table 1 gives the transition entropies at 
atmospheric pressure for the substances 
studied. In cyclohexane, perhaps typical of 
substances forming plastic crystals, the solid- 
state transition is the major entropy transition. 
The slopes of the phase-equilibrium curves at 
zeroi pressure obtained from the phase dia¬ 
grams (Figs. 1 and 2) and the corresponding 
volume changes calculated using the Clausius 
-Clapeyron equation are also tabulated. It is 
interesting to note that the total volume 
changes, expressed as a percentage of the 
effective size of the freely rotating molecule, 
are comparable for the different substances. 
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While it was thought that a triple point, 
accompanied by the appearance of a new 
plastic crystal phase, might occur on the melt¬ 
ing curve of cytplopropane, this was not 
observed over the pressure range studied. 
According to the Pople-Karasz theory the 
v value for cyclopropane exceeds 0*66. This 
may be interpreted to mean that the barrier to 
tumbling reorientation is high, compared to 
those for related substances, and/or the barrier 
to diffusion is comparatively low. It may be 
significant that cyclopropane is the only mem¬ 
ber of the (CH 2 )„ series which does not 
possess ring flexibility since this might inhibit 
cooperative effects involved in molecular 
reorientation. Dunning [17] has pointed out 
that, in the plastic crystal phase, the van der 
Waal’s diameters of cyclobutane, cyclopen¬ 
tane, and cyclohexane are appreciably greater 
than the distances between molecular centres, 
as measured by X-ray diffraction methods. 

The experimentally determined phase dia¬ 
grams (in reduced coordinates) for cyclopro¬ 
pane and cyclohexane are compared in Fig. 
8 with selected predictions of the Pople- 
Karasz theory using both the (12,6) and 
(28,7) potentials. The reducing constants are 
taken from Hirschfelder et al. [18] or calcul¬ 
ated by their method from available viscosity 
data. The theoretically predicted phase dia¬ 
grams used are chosen from the series as being 
most similar to the experimental figures. The 
solid-state transition intercepts at zero pres¬ 
sure are made to coincide. The agreement is 
not close but the (28,7) model represents the 
slopes more closely in each case. 

For cyclohexane the predicted entropy 
changes disagree with the experimentally 


Table 1. Transition entropies and calculated volume changes at atmospheric pressure 


Substance 

Transition 

Entropy (eu) 

(at atmos. pressure) 

Initial slope dp/dT 

((dynes/°K cm 2 ) x 10~ 7 ) 

(cm 3 /mole) 

AV% 

CeH, 2 

Sj-S]] 

8-6 

4-62 

0*85 

0*73 


melting 

2*2 

1*85 

0*32 

0*27 

C,H, 

melting 

8-9 

7*34 

0*51 

0*81 

C,H, 

melting 

7-6 

6* 19 

0-51 

0*92 
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Fig. 8. Comparison of experimental and theoretical phase 
diagrams for (a) cyclohexane and (b) cyclopropane. 


measured values quoted in Table 1. Our 
approximately determined relative volume 
changes give no indication of a trend towards 
second order of the solid-state transition with 
increasing pressure. 

A comparison of the experimental phase 
diagrams for cyclohexane with selected pre¬ 
dictions of the Amzel-Becka theory has been 
made but the agreement is not close. The 
assignment of a value for D is somewhat 
arbitrary. From the transition and melting 
entropy vs. T,IT m plots of Amzel and Becka 
[5] a value greater than 20 may be inferred and 
this was used in making the comparison. 

It appears that the behaviour of C 6 H I2 is not 
particularly well described by any of the 
versions of the Pople-Karasz theory. Since 


no solid-state transition has been observed in 
C 3 H 6 , over the pressure range studied, it is 
not possible to infer very much concerning the 
applicability of the theory to this substance. 
As stated above the implication is that the 
parameter v exceeds a critical value (v > 0-66 
for D = 2). 

Ethane 

The triple point on the melting curve of 
ethane (Fig. 3) appears to be the first experi¬ 
mental confirmation of the prediction of this 
type of behaviour by Pople and Karasz[l, 2]. 
From our data it is not possible to calculate 
the separate entropy changes for the transi¬ 
tions. However, the volume changes for the 
melting and solid-state transitions are roughly 
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in the ratio 0*4:1 showing that for this sub¬ 
stance the solid-state transition has the major 
entropy change. It is likely that phase I is a 
plastic crystal phase. Further measurements 
such as heat capacity and NMR measure¬ 
ments are needed to confirm this. 

It is well known that certain members of the 
long chain hydrocarbon series exhibit rota¬ 
tional transitions in which molecular motion 
about the long axis sets in. This has also been 
found for n-butane (Hoch[19]>. However, in 
n-butane the melting transition is accompanied 
by an entropy change twice as large as that of 
the solid-state transition. (It is, of course, 
necessary to have at least three carbon atoms 
in a chain in order that different orientations 
about the long axis may be distinguished.) It 
is safe to conclude that the behaviour found 
in ethane is of a different character to that 
found in the higher homologues. 

The experimental results for ethane in 
reduced form are compared in Fig. 9 with 
selected predictions of the Pople-Karasz 


theory using both (12,6) and (26,7) potentials. 
The zero pressure intercepts are again chosen 
to coincide. The (28,7) curves are in slightly 
closer agreement with experiment than are the 
(12,6) curves. , 

A comparison of the data with a theoretical 
phase diagram given by Amzel and Becka[5] 
has been carried out. Since the transition 
entropies are not known it is not possible to 
assign a D value on this basis. Molecular 
symmetry suggests a value of 12 or lower and 
we have used the theoretical curve for D == 12 
given by Amzel and Becka. The agreement 
between theory and experiment is not close 
and is only of qualitative significance. 

We conclude that in ethane the molecules 
are sufficiently asymmetric to prevent re- 
orientational disordering in the solid phase at 
zero pressure. However this type of disorder¬ 
ing becomes possible at higher pressures. 
According to the Pople-Karasz theory and 
its modifications the effective v value lies 
within a critical range. It is possible that 
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Fig. 9, Comparison of experimental and theoretical phase diagrams for ethane. 
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similar behaviour might be found in ethylene 
and other systems with molecules of similar 
shape. 

5. CONCLUSION 

The appearance of a new solid phase in 
ethane at elevated pressures appears to con¬ 
firm the prediction of this type of behaviour 
by Pople and Karasz[ 1,2]. The other experi¬ 
mental work on cyclohexane and cyclopro¬ 
pane yields results which are much less 
decisive in judging the Pople-Karasz theory. 

The introduction of a (28,7) intermolecular 
potential instead of the (12,6) potential into 
the theory leads to some improvement in the 
correlation of experimental and theoretical 
phase diagrams but proves unsatisfactory in 
the prediction of other thermodynamic proper¬ 
ties. The modification to the theory proposed 
by Amzel and Becka[5] appears to be able to 
describe a wide variety of situations reason¬ 
ably well but does so at the expense of intro¬ 
ducing an additional parameter. Further 
modifications, such as incorporating the (28,7) 
potential into the Amzel-Becka theory are 
possibly worth carrying out, but the basic 
model does contain some rather artificial 
features. 
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THE SIMULTANEOUS DIFFUSION OF Pb 2+ AND Cd 2+ 
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Abstract - In this paper a technique for studying the simultaneous diffusion of two divalent ions in an 
alkali halide is described. The technique has several advantages over the usual single ion method. 
Equations are developed which show the effect of common ion interaction on the diffusion profile. The 
technique is applied to the diffusion of Pb 1+ and Cd 2+ in purified NaCl single crystals. The effect of 
effusion during quenching is examined and found not to distort the low concentration region of the 
penetration curve deeper in the crystal. The values of Z) 0 , the migration energy U 0 , the enthalpy A h' 
and entropy of association A S’ measured in these experiments are given by 

fW “ 1 -40 x 10~ 2 exp (-0-982 cVfkT ) cm’/sec, 

A*™ - 3-57 x 10~ 3 exp (-0-857 e\jkT ) cm 2 /sec, 

A g [ ph) = -0-775 eV + (5-29 X IQ** eV/°/C)T, 

and 

a <c<d * ~ °' 972 eV + < 6 ' 65 * 10 “ 4 ev/°ior. 

The primed quantities Ag‘ and A s' have the configurational contribution to the entropy removed. 


I. INTRODUCTION 

The association between a substitutional 
divalent impurity cation and the vacancy it 
introduces in a univalent host crystal as pro¬ 
posed by Stasiw and Teltow[l] has been 
successful in explaining many of the transport 
properties of ionic solids. Lidiard [2] and 
Howard and Lidiard[3] have developed a 
detailed theory of the effect of association on 
the diffusion of divalent impurity ions in 
univalent crystals. Recent reviews [4,5] of 
experimental work in this area are in general 
agreement with this model, but frequently 
the experimentally derived parameters for 
the same systems differ by more than experi¬ 
mental error. 

These differences could arise from unsus¬ 
pected interaction between anionic and 
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cationic impurities in the host crystal. The 
reaction between anionic and cationic im¬ 
purities is well known [6,7]. However the 
effect of other divalent cations on the diffiisant 
has only been discussed for the special case 
of a uniform concentration of the same im¬ 
purity species as the diffusing species [3], 
This is an idealised experimental situation. 
A more realistic case is that in which a low 
concentration of a species different from the 
diffusant is present. Its concentration dis¬ 
tribution will be time dependent because it is 
effusing as the tracer diffuses. The two 
divalent impurity species interact through the 
common ion effect of their vacancies. 

An experimental situation that can be 
obtained with sufficient control of boundary 
conditions is the diffusion of two different 
divalent species simultaneously into highly 
purified NaCl single crystals. This technique 
is unique in that over most of the diffusion 
profile aside from those vacancies introduced 
by the divalent diffusant itself, the major 
source of vacancies affecting the diffusant 
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is the other diffusant. Since the concentration 
of diffiisants can be measured, the total 
vacancy concentration in the environment of 
the individual diffusant is more accurately 
known than in single ion diffusion experiments. 

The effect of these additional vacancies 
can be calculated through the common ion 
equilibrium of the two impurities. The condi¬ 
tions required for fitting the two profiles are 
more stringent than for single ions because the 
interaction of one diffusant with the other 
must be taken into account. This situation 
should provide more accurate estimates of 
diffusion and association parameters of both 
diffusants. If single ion and simultaneous ion 
diffusion experiments for the same divalent 
diffusant give the same values of enthalpy 
and entropy of association, it can be con¬ 
cluded that other impurities that interact with 
the diffusant are below concentrations that 
distort the diffusion profile. The simultaneous 
diffusion technique has the added advantage 
that data can be obtained for two diffusants 
with the same number of anneals, sectioning 
and weighing as required for a single diffusant. 

This paper reports the results of a study of 
the simultaneous diffusion of Pb 2+ and Cd 2+ 
in purified sodium chloride single crystals. 
Some improvements in experimental detail 
are reported and the effect of too-slow 
quenching on observed diffusion profiles is 
discussed. 

2. THEORY 

If diffusion of a divalent cationic impurity 
occurs by a vacancy mechanism, then one of 
the 12 nearest neighbor cation sites of the 
*NaCl lattice must be ,vacant just prior to the 
diffusion jump of the ilfifgHlrity. This configura¬ 
tion is the ground state of the Stasiw-Teltow 
complex. Lidiard[2] has shown that the 
complex can be treated as the diffusing 
species. Fick’s first law can then be written as 

J = —D,d (Npc)ldx (1) 

where J is the flux of complexes in the x 


direction, D, is the diffusion coefficient, 
d(Npc)ldx is gradient of the complex-con¬ 
centration, N is the number of divalent 
cations per cm 3 , p is the degree of association, 
and c is the mole fraction of the aliovalent 
impurity. On rearrangement equation (1) may 
be written as 

J = — D,[d(pc)ldc]d(Nc)/dx. (2) 

From equation (2) the concentration depen¬ 
dent diffusion coefficient of the species is 

D(c) = DMpc)ldc. (3) 

When all impurities are associated with a 
vacancy (i.e. p = 1), D{c) equals D,. For 
this reason D„ is called the saturation diffusion 
coefficient. 

Equation (3) shows that the concentration 
dependence of the diffusion coefficient is a 
function of the degree of association p. 
The only extension of present theory required 
is to include the interaction of Cd 2+ with p 
for Pb 24 and vice versa, then to solve Fick’s 
law for simultaneous diffusion of cadmium and 
lead complexes. 

The reactions necessary to form the two 
different complexes in the crystal are 

Pb + + V e ~ PbK 0 (4) 

and 

Cd + +F c -^CdK c . (5) 

The charges have been assigned with respect 
to the lattice and V c ~ represents a cation 
vacancy. If c is the mole fraction of the 
species designated by the subscript, the mass 
action expressions for these reactions may be 
written as 

c nK l(c Pb < )(<V„- ) = 12 exp {-bg'pJkT) 

= K n (T ) ( 6 ) 

and 

c a>K I ( c cd + ) (c Vr .) « 12 exp (- A g' c JkT) 

= K C AT). (7) 
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The factor 12 is the configurational entropy 
and A#i' is the Gibb’s free energy of associa¬ 
tion from which the configurational entropy 
has been removed. In addition to the cation 
vacancies introduced by the divalent cation 
impurities the crystal will have an additional 
number of vacancies when in thermal equili¬ 
brium. In a pure crystal at equilibrium their 
concentration is given by the Schottky 
product 

(cy r )(c Vi .) = [flexp ( -h,/kT )] = [tf,(T)] 

( 8 ) 

where V a + refers to anion vacancies, B is 
an entropy term and h, is the enthalpy 
required to form a separated Schottky pair. 
To maintain electrical neutrality of the system 
the following defect balance is required 

Cy r ~ = Cpb + Ccfl Cp(,p c Cc<ip, 4"Cp,» (9) 

where the total concentrations of Pb 2+ and 
Cd 2+ are represented by c Pb and c cd respec¬ 
tively. 

If pp b and p ca are, respectively, the fraction 
of Pb 2+ and Cd 2+ associated with a vacancy, 
equations (6), (7) and (9) can be written: 

C V, = PpbIKpbi 1 — Pvb) (10) 

Cy- = Pca/Kcd (1 ~ Pa) 

Cy- — (1 ~Ppb)Cpb+(1 — Pcd) c Cd + C^.. (12) 

Equations (8), (10), (11) and (12) form a 
set that describe the effect of one cationic 
impurity on the association of the other and 
vice versa. In deriving these equations certain 
assumptions were required. For the mass 
action expressions to hold in the diffusion 
process a localized equilibrium must exist 
everywhere in the crystal. All interactions and 
aggregates except those specifically included 
are assumed negligible. At the temperatures 
and concentrations used in these studies, this 
is true. In applying the equations to a diffusion 


process we assume the diffusion proceeds by 
a vacancy mechanism and the diffusing 
species is the complex, not an isolated 
impurity ion. Thje mass of experimental 
evidence supports this assumption. 

3. METHOD OF SOLUTION 

The experimental results are treated quanti¬ 
tatively through the solution of Fick’s second 
law of diffusion. Applied to two ions diffusing 
simultaneously Fick’s second law gives two 
coupled equations when the diffusing species 
is the complex. These are 

d(PPb c Pb)/df = d { Dxp b) d ( p Pb C Pt) )/dx} IdX (13) 
and 

<3(Pcd c cii)/df = <3{A*C(1)<3 (Pc<i c c<i) !dx} fdx. (14) 

The Schmidt method [8] of finite differences 
was used to solve simultaneously the coupled 
differential equations (13) and (14). The 
method is well known and was applied here 
in the following manner. 

Fick’s second law written in general form is 

dcldt = d{Ddcldx)ldx. (15) 

If D is constant and the following dimension¬ 
less parameters are introduced 


equation (15) can be written as 

dc/dz = a 2 c/a^ (16) 

where b is a constant distance and C 0 is the 
surface concentration. 

Let C m+1 , C m , C m _, be the average concen¬ 
trations in the space intervals (m-M)SA', 
mbX, (m-l)bX, respectively, and C' m , 
C„ be the average concentrations in the 
space interval mbX at the time intervals 
(m+l)bZ, mSZ, respectively. Expanding 
C m+i , C m - 1 , and C' m in a Taylor series these 
concentrations can be expressed as 


(11) X = x/b, Z = Dt/b 1 , and C = c/C 0 
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C m +, = C n +8X(dCldX) m +i(8Xy(d 2 CI for the lead ions and 


dX*) m + ..., (17) 

C w _, - C n -8X(dCldX) m + H&Xy 

(18) 

and 

C' m = C m -8Z(dCldZ) m 

+ iOZWC/dZ 2 ) m + .... (19) 

If fourth and higher order terms are neglected 
on addition of equations (17) and (18) one 
obtains 

{d i CldX 2 ) m =(C m+ ,-2C m + C m -,)l(8Xy. 

( 20 ) 

By neglecting second and higher order terms 
in equation (19) one finds 

OC/az) m = (c;-c m )/8z. (21) 

Substituting equations (20) and (21) in equa¬ 
tion (16) and removing the dimensionless 
parameters gives the Schmidt solution to 
equation (15). 

c' m = c m + [D8tl (6jt) 2 J (c m+1 — 2c m + c m _,). 

( 22 ) 

The validity of dropping higher order terms 
was checked by comparing one profile 
generated by equation (22) with another 
generated by using smaller time and space 
intervals. The two profiles agree in the fourth 
significant figure when using the parameters 
used in this study. #he higher order terms 
are insignificant in thra work. The solution is 
stable as long as the ratio D8tl(8x ) 2 is one- 
half or less [9]. 

On introducing the impurity-vacancy com¬ 
plex as the di^i^ng species equation (22) 
becomes 

(cpb)m “ (cpb) m -l- [D*pb) 8tl(8x) 2 ] ^ 

[(Pf»bCpb)m+l “ 2(/?PbCpb)m+ (pPbCpb)m-ll (23) 


( c Cd)m — (Ccd)m+ [AtfCd)8f/(&t) 2 ] 

[(PcdCcd)m+l ~2(/?cd c Cd)m + (Pcdt‘Cd)m+l] 

(24) 

for the cadmium ions. Apparently two 
symbols have been used for c m : however, 
(cpb)m and (cp b ) m are simply accumulative 
terms and the diffusion process is governed by 
the remaining terms. 

When identical time and space intervals 
are used in equations (23) and (24) the diffu¬ 
sion profiles generated are the simultaneous 
solutions of equations (13) and (14). The 
initial and boundary conditions are 

c = 0 for x 3* 0 at / — 0, (25a) 

c ~ C, for t > Oatx = 0, (25b) 

dcldx = 0 at x = » and t = t t (25c) 

where i t is the total time of the diffusion 
anneal, and C\ is a constant concentration. 

The diffusion profiles are dependent on the 
degrees of association p Pb and p cd . These can 
be calculated from equations (8), (10), (11) 
and (12). If K 8 (T) is taken from the literature 
this set of equations can be put in cubic 
form and solved. However, for computation 
in this work they were rewritten as 

£ = ( 1 ”Ppb)c P b + ( 1 ~Pcd)Ccd (26) 

c v„ ( *-tf/2+(f 2 + IC.) , ' 1 /2 (27) 

p P b = *Pb (f ■+ ) [ 1 + *Pb (f + <V) ] - 1 (28) 
Pcd = ^Cd(f + <V)D +^Cd(f + C v/ )]" 1 . (29) 

At each experimental temperature K Pb and 
K C 6 were calculated for trial values of 
A# Pb and Aged from equations (6) and (7). 
Values of K B for the same temperatures were 
calculated from equation (8) using literature 
values for B and h 8 . With these constants 
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equations (26), (27), (28) and (29) were 
solved by a method of successive approxima¬ 
tions for pp b and p c * Values of p were 
accepted when successive approximations 
agreed in their sixth decimal place. With these 
p’s, the experimental values of (cpu)^ and 
(c c d)x«o* using estimated values of D^Pb) and 
<j) equations (23) and (24) were used to 
generate the Pb and Cd diffusion profiles 
at each temperature for annealing times equal 
to t t with the 8/ and 8x intervals chosen identi¬ 
cally for each profile. The estimated values of 
/>,<Pb» A*cd), Agp b , and Aged were varied until a 
satisfactory fitting of the calculated to the 
experimental profiles was obtained. In fitting 
the profiles the best fit was required in the 
region of deep penetration. The reason for this 
will be discussed later. The calculations were 
made with the aid of a CDC-3300 computer. 
It should be emphasized that these four para¬ 
meters are obtained from two penetration 
curves and the interaction of the diffusants 
must be included to properly fit the profiles. 

No analytical solution of the coupled 
differential equations exists. Therefore no 
direct test of the correctness of the generated 
profiles exists. However, the validity of this 
formulation in treating a concentration de¬ 
pendent diffusion coefficient can be demon¬ 
strated for the case of the diffusion of a single 
aliovalent impurity by setting (c Pb )^ o = 0 
and generating profiles for selected values of 
A g' cd and D Cd) at same temperature and 
time. Then D(c) is calculated from the 
profiles using Matano’s method[10]. These 
agree within the scatter introduced by the 
graphical integrations and differentiations 
required in the Matano method. 

4. EXPERIMENTAL 

Single crystals of NaCl were grown from 
reagent grade salt that had been purified by 
ion-exchange[ll]. The purified salt was 
dried by alternately adding HC1 and evacuat¬ 
ing while the salt was at 200°C. After the salt 
was dry, it was melted under an atmosphere 
of HC1. The crystals were grown by the Kyro- 


poulas method from a melt contained in a 
General Electric semi-conductor grade quartz 
crucible under mixed argon and HC1 at a 
total pressure slightly exceeding one atmos¬ 
phere. The single crystals were annealed 
from 65Q°C to room temperature under i 
atmosphere of Cl a . 

The maximum concentration of OH“ in 
the NaCl was calculated to be 0*23 ppm by 
using the height of the absorption peak at 
185nm[12]. No other absorption bands in 
the wavelength range from 185 to 800 nm 
were observed. The results of preliminary 
analysis [13] of crystals grown by the above 
technique show only Br~ and OH - to be 
present in quantities above the detection limit 
of the analytical technique. The ion for which 
an analysis was made, the detection limit of 
the ion when in a NaCl crystal, and the 
method of analysis are given in Table 1. To 
this extent initial condition 25a is established 
by use of suitable host crystals. 


Table 1. Analysis of NaCl crystals grown 
by the kyropoulas method from O.S.U. 
purified salt 


Impurity 

ppm 

Method 

Ag+ 

<001 

Optical Absorption (O.A.) 

Br 

0-95 

Activation Analysis (A.A.) 

K 4 

< 1 

A.A. 

Mn 24 

<0004 

A.A. 

OH 

0-23 

O.A. 

Pb 2+ 

< 0*01 

O.A. 

Tl + 

<001 

O.A. 


Carrier free 2l0 Pb and 109 Cd were obtained 
from the new England Nuclear Corporation. 
The specific activity for the Pb(N0 3 )2 was 
5*0 mC/mg and for the CdCl 2 was 3 *8 mC/mg. 
A 99 + % radioactive purity was listed for 
both isotopes. To assure that a condensed 
phase of each diffusant was always present 
in equilibrium with its vapor ten times the 
necessary quantity of each diffusant was used. 
This was to insure that the constant source 
boundary condition 25b was met. 

PbCl a and CdCl 2 carrier and tracer solu- 
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tions were evaporated to dryness in the 
bottom of a Vycor diffusion ampoule (8 cm 
long x 1-8 cm dia.) by flowing N 2 over the 
surface of the HC1 solutions at 70°C. The 
tracer to carrier ratio was 0-080 mC/mg for 
the PbCl 2 and 0-129 mC/mg for the CdCl 2 . 
A pedestal of Vycor tubing (3 cm long) 
provided support for one or two NaCl 
crystals (1 -5 x I -5 x 0-4 cm). It prevented 
contact between the solid diffusant in the 
bottom of the ampoule and the host crystals. 
The ampoule was sealed with one-sixth to 
one-third atmosphere of CI 2 inside to prevent 
reduction of CdCl 2 [14]. Two small projec¬ 
tions on the outside of the ampoule 2 cm 
above its bottom were used to accurately 
position the ampoule in the diffusion furnace 
(see Fig. 1) by raising the ampoule (e) with 
support wire (c) until the projections engage 
graphite block (d). 

Temperatures were measured with a Pt-Pt 
13% Rh thermocouple which had been 
calibrated against a similar couple calibrated 
by N B.S. The difference in temperature 
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Fig. 1. Diffusion anneal apparatus, a. Support wires for 
carbon block, b. Thermocouple, c. Support wire .for 
ampoule. cLJ^trbon block, e. Ampoule, f. Furnace, g. 
Cooling coil. 


between the thermocouple at (b) and at the 
crystal position measured in an open ampoule 
was less than 1 °C. The bottom of the ampoule 
was 5°C cooler than the crystal. This tem¬ 
perature gradient is used to prevent condensa¬ 
tion of the diffusant on the crystal during the 
diffusion anneal. The temperature of the 
sample was held constant within ±1°C 
during the diffusion and the temperature of the 
sample was known to within 1 °C. 

After the diffusion anneal the crystals were 
removed from the ampoule. To insure the 
samples would be of a one-dimensional diffu¬ 
sion two-millimeter sections were cleaved 
from the edges of the crystals after which the 
area of the surface was measured with a 
micrometer. Either two crystals were initially 
placed in the diffusion ampoule, or more often, 
a single crystal was cleaved in half after 
removing the edges to produce two one¬ 
dimensional diffusion samples. The samples 
were sectioned with an American Optical 
Company Model 960 microtome. Each sec¬ 
tion was collected in a clean preweighed 
vial. Both samples and vials were dried at 
110°C for 3 hr, then weighed on a micro¬ 
balance and thickness of the section cal¬ 
culated. 

The gamma radiation of 210 Pb and ,(, ®Cd 
was counted with a Packard Model 410 A 
auto-gamma spectrometer. The _86 Kev 
photopeak of 10 ‘ l Cd and the 46 keV photo¬ 
peak of the 2l0 Pb were counted while using a 
20 KeV window. There was a slight overlap 
of the two peaks. The corrected activity was 
calculated by use of standard activity samples 
(Cd St. and Pb St.) in the following manner: 

A Pb = ^ 48 KcV — ^SSKeV^^KcvfCd St.)/j4ggKeV 

(Cd St.) (30) 

Acd = ^86KeV ~'<446KeV / f 86Kcv(Pb St.)//f 46KeV 

(Pb St.) (31) 

where A is the activity and the subscript 
indicates which channel was counted. 

One problem encountered during these 
experiments is illustrated in Fig. 2. The two 




crystals from the same diffusion anneal have 
differing surface concentrations of Cd 2+ . 
Apparently this problem occurs because the 
crystal requires longer to reach furnace 
temperature than does the diffusant. Thus 
during warm up the diffusant transfers from 
the bottom of the ampoule to the cooler 
crystal surface. To prevent this a water 
cooled coil [(g) of Fig. 1] was used to keep 
the diffusant at a low temperature (100 to 
150°C) while the crystal reached the anneal 
temperature. 15 to 20 min after insertion of 
the ampoule into the pre-heated furnace 
the cooling coil was lowered and this time 
recorded as t = 0. The profiles agreed within 
experimental error in all later experiments 
except two (360 and 409°C). The reason for 
these exceptions was not specifically investi¬ 
gated. It is interesting to note that they all 
occur in the low temperature experiments. 


With the coffin place,— —- — — 
cooled but also the bottom of the pedestal 
supporting the crystals. Thus, radiant trans¬ 
fer of heat is the more important process id 
heating the crystal and is much more efficient 
at higher temperatures. Possibly at these 
lower temperatures the coil was not left 
around the ampoule long enough for die 
crystals to reach temperature. All penetra¬ 
tion profiles exhibiting this behavior occur 
below 423°C which is the peritectic tempera¬ 
ture of 2NaCl*CdCl 2 [l5]. Below this tem¬ 
perature CdCl* could be condensed on the 
surface of the crystal due to a chemical poten¬ 
tial difference caused by the formation of 
2NaCl*CdCl s . This could account for the 
difference between the behavior of CdCl 2 
and PbCl 2 (Fig. 2). There is doubt as to the 
existence of cadmium complexes in the melt 
[16] and if no complexes exist above 423°C, 
the system would behave normally (Fig. 3). 
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Fig. 2. Penetratiofi profiles for the diffusion of cadmium 
and lead ions in NaCl at 360°C. t ( = 1-2890 x 10® sec. 
Liquid quenched. Solid curves are profiles generated by 
finite differences using the following parameters, 

(a) . />,«*) * 5*80X 10~ ,o cm 2 /sec A- -0*550eV 

(b) . A, (C dj - 5*00 x lO-^cmVsec A£, d = -0*550 eV 
(a),(b). OrfPb)® 1*90 X JO^cmVsec A^ b - -0*440 eV, 


01 STANCE <>im) 

Fig. 3. Penetration profiles for the diffusion of cadmium 
and lead ions in NaCl at 460°C, 1*674 x 10* sec. 

Liquid quenched. Solid curves are profiles generated by 
finite differences using the following parameters. 

£>.(«) 4* 10 x 10"°* cm l /sec Ag^ “ “ 0 485 cv 

D « Pb > ~ 2*30X 10-<*cmVsec A^ * -0-388 eV. 
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This violation of boundary conditions in the 
early portion of the experiment did not 
change the kg which depends on the shape of 
the profile but did introduce a slight variation 
in.D # as will be seen in the Results Section. 

A related problem occurs when the ampoule 
is removed from the furnace. The walls of the 
ampoule cool rapidly and the diffusant vapor 
condenses on them while the crystal remains 
hot. Thus the chemical potential of the 
diffusant surrounding the crystal falls below 
that in the crystal and the impurity desorbs 
from the host until it cools below tempera¬ 
tures at which the impurity is mobile. Experi¬ 
mentally the desorption is observed as a lower 
diffusant concentration near the surface than 
expected. The magnitude of the effect 
increases with increasing anneal temperatures 
and with slower cooling rates. This effect 
can be minimized by effective quenching. 
With systems which must remain sealed to 
avoid extraneous reactions, quenching is 
difficult. With the exceptions noted the 
sealed ampoules were immersed in ice water 
immediately on removal from the furnace, 
then in liquid N 2 . One of the ampoules from 
the highest temperature anneal was allowed 
to cool clowly to produce a large amount of 
desorption to investigate its effect on A g and 
D g derived from such experiments. 

5. EXPERIMENTAL RESULTS 
Diffusion profiles of Pb 2+ and Cd 2+ in 
NaCl were measured at eight temperatures 
in the range from 347 to 569°C. At all tem¬ 
peratures except 569°C two samples were 
sectioned. The results of three of these 
measurements are shown in Figs, 2 through 4 . 
The curves shown as solid lines in these 
figures are diffusion profiles calculated as 
described above using the D s and kg' values 
for each ion 4 given in the figure caption. 
Dreyfus and Nowick’s[15] data show the 
Schottky product, X,(T), to be negligible 
in the range of these NaCl experiments~Md 
these Upfiles were calculated without 


considering this contribution to the vacancy 
concentration. 

The profiles show the characteristics 
discussed in the experimental section with the 
lower temperature measurements exhibiting 
differences in surface concentrations; the 
middle temperature range was well behaved; 
the higher temperature measurements showed 
desorption during the quench. The different 
surface concentrations which developed 
during the lower temperature diffusion 
anneals cause the values of D, to vary but do 
not affect kg' a detectable amount. The 
abnormally low concentrations near the 
surface found in the high temperature anneals 
(Fig. 4) were neglected in calculating the 
profile shown. Assuming the crystal to remain 
at the anneal temperature for a finite time 
after quenching has reduced the vapor 
pressure of the diffusants to zero, desorption 



Fig. 4. Penetration profiles for the diffusion of cadmium 
and lead ions in NaCl at 553°C. t ( = 4-368 x 10 4 sec. 
Liquid quenched. Solid curves are profiles generated by 
finite differences using the following parameters. 

cd> s 2-40 X 10^cmVsec kg’ « -0 424 eV 
/>**» = 1*50 x lO-^cmVsec * -0 342eV. 
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profiles were calculated for various times 
using the values of D e and A g* for the 553°C 
anneal. These desorption profiles are shown 
together with the diffusion profile in Fig. 5, 
While this calculation does not realistically 
represent the quenching process, it suggests 
the low concentrations near the surface are 
primarily due to desorption. More important, 
however, is that the desorption does not 
affect the shape of the penetration curve in 
the region used to derive A g f and D 8 . 



DISTANCE (|xm) 

Fig. 5. Penetration profiles for the desorption of cadmium 
and lead from NaCl at 553°C for short periods of time. 
Calculated by finite differences using the following 
parameters. X,\ 

D, (Cd> = 2-40 x 10- 08 cm 2 /sec Ag' Cd = - 0-424 eV 
£>*(p b )= 1 -50 x 10" 08 cm 2 /sec A^ b - -0*342 eV. 

(a). Omin (b). 2 min (c). 4 min (d). 10 min (e). 20 min 
(0 average of experimental points. 

All parameters calculated from each diffu¬ 
sion anneal are given in Table 2 along with 
some experimental conditions of each anneal. 
Plots of log D, vs. 1 IT are given in Fig. 6. 
The solid lines are the least squares fit to the 



l/TCK) % I0 3 

Fig. 6. Log £>, vs I IT from diffusion in NaCl. The Pb 2+ 
results are fit by line a. and those of Cd 1+ by line b. 

data of Table 2 and are given by the expres¬ 
sions 

D„ Pb , = 1-40X 10 -2 exp (-0-982 eVMT) 

cm 2 sec -1 (32) 

and 

£>*cd>= 3-57X10- 3 exp (-0-857 cV/kT) 

cm 2 sec -1 (33) 

where the activation energy of migration of 
the Pb 24 vacancy complex is 0-982 eV, and 
that of the Cd 2+ vacancy complex is 0-857 eV. 

The Gibbs free energies of association less 
the configurational entropies can be expressed 
by 

A#p b = - 0-775 eV + (5-29 x 10-“ e V/°K) T 

(34) 

and 

Aged = -0-972eV + (6-65 X 10“ 4 eV/°K)T. 

(35) 
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Table 2. Values of D$ and A g* used to generate diffusion of Pb 2+ 
and Cd 2+ in NaCl 


roo 

D*n» (cm*/sec) 

£> MC d.(cm , /sec) 

Atfpt,(eV) 

AsJa(eV) 

Notes 

347 

U70XI0“ 10 

410x 1C 10 

—0*445 

-0*560 

[a]. Id] 

347 

1*70 x 10- 10 

4*50 XIO" 10 

-0*445 

-0*560 

[b],[d] 

360 

l*90x 10~ 10 

5*80 X10" 10 

—0*440 

-0*550 

[a].[c] 

360 

1*90 x 10“ w 

5*00 x 10" 10 

-0*440 

-0*550 

[b],[c] 

409 

7-60 x 10“‘ o 

1-60 X 10-“ 

-0*415 

-0*520 

[a],[c] 

409 

7*60 x Ur 10 

1-45 XIO-" 

-0*415 

-0*520 

[b],lc] 

460 

2*30 x 10~°® 

4-10X 10-“ 

-0*388 

-0*485 

fa], [b]. [cl 

497 

4*60 X10-* 

7-50 x 10-“ 

-0*370 

-0*455 

[a].[b].[c] 

502 

5*80 X10-* 9 

1-OOx 10- 0 " 

-0*367 

-0*453 

[a],[b],[d] 

553 

1*50 x 10 -08 

2-40 x 10~“ 

-0*342 

-0*424 

[a], [b], [c] 

569 

2 00 x lO* 08 

2-75 x 10-“ 

-0*323 

-0*414 

[a], [d] 


[a] Crystals. 

[b] Crystal B. 

[c] Cooling coil used, crystal quenched after diffusion anneal. 

[d] No cooling coil used, crystal air quenched. 


These enthalpies and entropies of formation 
for the Pb 2+ and Cd 2+ complexes were 
derived by a least squares fit to the Ag' vs. T 
data shown in Fig. 7. 

6. DISCUSSION 

Comparison of the diffusion and association 
parameters for Pb 2+ and Cd 2+ obtained from 
these simultaneous diffusion measurements 
with those obtained in single ion measure¬ 
ments are given in Table 3. All three values 
of the migration energy U 0 of Pb 2+ in NaCl 
are in excellent agreement. In the two earlier 



Fig. 7. Gibbs free energies of association of impurity- 
vacancy complexes in NaCl. The Pb 84 results are firty 
Jjne a. and those of Cd* + by line b. 


studies [16,17] of Pb 2+ diffusion the free 
energy of association A g' was not considered 
by the authors to be measured precisely 
enough to warrant extracting the enthalpy 
and entropy of association. However the 
results of the present experiments (Fig. 7) 
were significantly better. Table 3 gives A h 
and A s' along with the correlation factor r 
for a linear regression fit of n data for these 
experiments and for the earlier work. For 
Pb 2+ all data reported in the earlier papers 
were used. In the case of Cd 2+ the earlier 
experiments extended to considerably lower 
temperatures than did the dimultaneous dif¬ 
fusion studies and exhibited an unusual 
curvature at the lower temperatures [14]. For 
this reason the enthalpy and entropy given in 
Table 3 were calculated with data [14] from 
328 to 520°C. 

The agreement of the Pb z+ data measured 
in purified NaCl is excellent, well within the 
experimental errors. However, the single 
ion diffusion measurements in Harshaw 
crystals lead to a -A/i which is 0-14eV 
lower and a — A s' lower by a factor of two 
than those obtained with purified crystals. 
Similar discrepancies occur between the 
diffusion parameters for Cd 2+ in purified and 
Harshaw NaCl. However with Cd 2+ both 
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Table 3. Values of D 0 , (he migration energy t/ 0 . the enthalpy of formation AA and the entropy 
of formation A s' o/Pb* + and Cd ,+ complexes in NaCl 


Cation 

w Do(cm 2 /sec) 

w t/,(eV) 

,W AA (eV) 

'“A*' (eV) 

M r 


“method 

Crystal 

Ref. 

Pb 2+ 

1-5 x 10 -1 

0*98 

-0*632 

—2*60 XlO' 4 

0*8816 

8 

Dl 

Harshaw 

18 

Pb* + 

1*75 X 10“* 

0-98 

-0*780 

-5-31 x 10-‘ 

0*829 

9 

Dl 

OSU 

19 

Pb 2+ 

1 -40 x 10 -2 

0*982 

-0*775 

— 5*29 x 10~ 4 

0*9973 

16 

D2 

OSU 

this work 

Cd s+ 

2 06 X I0-* 

0*92 

-1*085 

-8*95 x 10^ 

0*9536 

12 

Dl 

Harshaw 

14 

Cd 2+ 

3*57 x 10“ a 

0*857 

-0*972 

— 6*65 x 10~ 4 

0*9989 

16 

D2 

OSU 

this work 

Pb 2 * 


0*80 





DE 

[flCSIRO 

21 

Cd 2+ 



[g]—0-34 




C 

Harshaw 

24 

Cd 2 * 

1*2 

0*64 





D3 

[h]Haile 

23 

Cd i+ 


0*50 





itc 

lj] IFU 

44 


Notes: [a] Z>, * D 0 exp (— U 0 /\sT) 
[b] Ag = &h-TAs' 


n n -1/2 

[c] r=2 (X I -X)(Y,-Y)['2 (AW) 2 2 (Y ( — Y) 2 ] 

J»I J-l 

[d] nts number of data 

[e] Dl is single ion diffusion by directly measured profile 
D2 is simultaneous diffusion 

DE is dielectric relaxation 
C is ionic conductivity 

D3 is diffusion from an indirect profiled by color center formation 
itc is ionic thermal currents. 

If] CRIRO - grown at CSIRO, Sydney, Australia 

[g] Calculated from the data of Ref.[25] 

[h] Halle refers to natural NaCl crystals from Halle Company, Germany 

[j] IFU - grown at Istituto di Fisica dell Universita, Parma, Italia, total Co, Cu, Mn, Ni, Zn and Pb content 
less than 0*3 ppm. 


— A/i and — As' are larger in Harshaw crystals 
than in the purified crystals. The only signi¬ 
ficant difference between these experiments 
is the host crystals. The most probable cause 
of these discrepancies in t/ 0 , A h and As' 
are interactions between the tracers and un¬ 
known impurities in the Harshaw crystals. 

Comparison of the results of various 
methods of measuring £/ 0 , Ah or As' are 
complicated by the use of host crystals of 
unknown or varying purity. Some of these 
results have been considered in previous 
papers[14]. Crawford[20] has discussed the 
interpretation of migration energies obtained 
from various dipole relaxation measurements 
[21,22]. Since the present work illustrates the 
interaction of two known aliovalent cations 
through a common ion effect, and others [6,7] 
have shown that cation-anion reactions occur 
between impurity ions in alkali halides, it 


appears unlikely that further comparison of 
various results is useful at present. 

Although Table 1 shows that these crystals 
contain very low concentrations of those ions 
for which specific analyses were made, the 
question of the concentration of other impuri¬ 
ties is not directly answered. However, if 
other impurities which affected the tracer 
impurity-vacancy complex equilibrium were 
present in the host crystal, then the addition 
of another ion, such as during the simul¬ 
taneous diffusion experiments, would shift the 
equilibrium through a common ion effect 
not taken into account in either the single ion 
or simultaneous diffusion equilibrium calcula¬ 
tions. Since both experiments employed 
purified host crystals and the experiments 
required different assumptions about the 
equilibrium conditions yet gave good agree¬ 
ment for the diffusion parameters of Pb 2 *, 
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we concluded that the unintentional impurity 
concentration is too low to affect these 
experiments. Therefore, the values of U 0 , 
A h and A s' reported here are the best values 
we have been able to obtain from direct 
measurement of a diffusion profile in NaCI. 

In comparing parameters obtained from 
these measurements one should note that 
they are measured under ideal solution 
conditions. It was not necessary to include 
Debuy-Huckel terms in the equilibrium 
equations to account for long range forces. 
The U 0 obtained are for £>„ (p —* 1) and may 
be different than those measured from 
experiments which yield D»(e —* o°) because 
in this latter case impurity aggregates of 
various kinds may form. 
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INFLUENCE OF THE CHEMICAL BOND ON THE K 
EMISSION SPECTRUM OF OXYGEN AND FLUORINE 

A. S. KOSTER* 

Department of Physics, University of Arizona, Tucson, Arizona 85721, U.S.A. 

{Received 18 May 1970; in revised form 20 April 1971) 

Abstract-The K emission spectrum of oxygen and fluorine from a number of simple oxides and 
fluorides is divided into three to six sub-peaks. The spectra of many of these oxides and fluorides 
resemble one another owing to their basically ionic bonding. Certain sub-peaks, however, are ascribed 
to cross-over transitions and partially covalent energy levels. The different fluorine spectrum of 
Teflon is due to the hybrid nature of its covalent bonds. 


1. INTRODUCTION 

Following early reports of Tyrenfl] and 
O’Bryan and Skinner[2] in 1940 on oxygen 
and fluorine K bands from different com¬ 
pounds, the first extensive investigation of 
these spectra was undertaken by Fischer in 
1965 [3], He showed that they were influenced 
by composition, crystal structure, valence and 
coordination, but his data were too ill-defined 
to permit definite conclusions. Another report 
on oxygen and fluorine spectra was given by 
Mattson and Ehlert[4] who also made no 
attempt to interpret them. Chun and Hendel [5] 
obtained results on a number of oxides of di- 
and trivalent metals which indicated some 
correlation between the electronegativity of 
the metal and the position of satellites, but 
they too offered no explanation of the spectra. 
Krause and White [20] made a comprehensive 
survey of oxygen X-ray emission band shifts 
from oxides and indicated a relation between 
the wavelength of the main band and tbe 
valence of the cation on an empirical basis. 
Since then several isolated oxygen spectra 
have been described, for instance by Fischer 
and Baun for titanium oxides [6], by Fischer 
for vanadium oxides [7], by Fomichev for 
aluminum oxide[8J and magnesium oxide[9], 
by Chun and Klein for aluminum oxides [10]. 

* Permanent Address; Laboratory for Physical 
Chemistry, Technische Hogeschool, Eindhoven, The 
Netherlands. 


In the investigation of Koster and Mendel 
[ 11.12] on the relation of 3</-transition metal 
K/3 spectra to chemical bonding, oxygen and 
fluorine spectra taken from the literature were 
used to construct composite energy diagrams. 
Many of the required spectra were either not 
available or of unsatisfactory quality, however, 
and the present work aims to fill this gap. 

2. EXPERIMENTAL 

The light element X-ray spectrometer used 
and the experimental technique have been 
described in previous publications [13-15] 
from this laboratory. The specimen is the 
secondary target in a cold cathode X-ray tube. 
Excitation under these conditions is so mild 
that there is no significant rise in temperature. 
All of the compounds investigated here, 
except Mn0 2 , were stable for the period of an 
experiment; for this dioxide a number of ten 
minute runs were used. Oxygen spectra were 
recorded with a potassium acid phthalate 
(KAP), fluorine spectra with a mica crystal, 
both in the first order. The flow counter was 
filled with a 50-50 helium-methane mixture. 
Wavelength calibration was carried out by 
means of A1 Ka Ui (A = 8-339 A) in the 2nd 
and 3rd orders for oxygen, and by means of 
K Ham (A = 3-742 A) and Ca Ka ,* (A - 
3-360 A) in the 5th order for fluorine. For 
most measurements the power applied was 
10-15 kV at 5-10 mA, giving peak intensities 
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of 30-60 c/s for oxygen and 60-200 c/s for 
fluorine. 

3. RESULTS 

Oxygen 

Typical oxygen K bands are reproduced in 
Figs. 1-3. In order to save space, some 
spectra resembling these are omitted; com¬ 
parable oxygen spectra were obtained from 
the following substances: MgO, A1 2 0 3 and 
BeO; NOr and C0 3 ”; Ti0 2 , Cr 2 0 7 “ and 
MnOr; Cr 2 0 3 and Fe^. In some cases, as 
for BeO and Li 2 C0 3 , separation between the 
main and smaller peaks is large enough so that 



Fig. 1. The first order oxygen K bands from BeO, Li 2 C0 3 , 
CaO and SrO. In this and subsequent figures the observed 
peak is the fiig|§ine, the sub-peaks into which it has been 
broken dowcHpre dashed. Background is also dashed. 
Ordinates are the intensities in counts per second.—*- 



Fig. 2. The oxygen K bands from BaO, Ba0 2 , MnO and 
Mn0 2 . 

the band spectrum can easily be split into its 
constituent parts. The resulting sub-peaks are 
quite symmetrical and have a similar half¬ 
width of 3 to 3-l/2eV. The main band in 
compounds of the 3d-transition metals, on the 
other hand, is broader and obviously contains 
sub-peaks. The spectra of these compounds 
could be satisfactorily accounted for by 
splitting them into three or four sub-peaks 
using the profiles of the bands of Li 2 C0 3 or 
BeO. The positions of the maxima of the 
sub-bands and their relative intensities 
obtained in this way are given in Table 1. 

Peak D is obviously the main peak of the 
spectrum and may be ascribed to the transition 
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Fig. 3. The oxygen K bands from KMnO,, FeO, Fe*Oj 
and NiO. 

of a valence band electron:2p(0 2 ~) — 1 ,v(0 2_ ). 
For the predominantly ionic substances like 
BeO, MgO, A1 2 0 .i, CaO, SrO and BaO, the 
energy of this sub-peak is 525 eV. The 
residual charge in electron units, calculated 
using Pauling’s electronegativity values, is 
— 1 -6 to —1-8 e.u. for these substances. Much 
the same value is found in the lower oxides of 
the 3 {/-transition metals. In the compounds 
where the residual charge is less negative, due 
to a weaker ionic bond, the energy of peak D 
is higher; this is observed in the spectra of 
C0 3 *“, NO s _ , Cr 2 0 7 2 ~, and MnOr. In Ba0 2 , 
the ion 0 2 2- is present; each oxygen thus 
carries a formal charge of — 1 e.u., which 


because of the partially covalent character 
of the compound is reduced to -0-7 to —0*8 
e.u. residual charge. This leads to a shift to 
still higher energy. A tentative plot of residual 
charge vs. position of peak D is given in Fig. 4. 

Peak B is the most constant in position. 
Whereas the other peaks shift over a range 
of 2-3 eV, it remains at 532*0 ± 0-3 eV. It has 
already been reported [4.7] that its height 
depends upon the analyzing crystal. We found 
the same effect. The position of B remains 
the same, but its intensity as compared to die 
intensity of peak D is three times less for a lead 
stearate pseudocrystal than for a KAP 
crystal, other conditions being unchanged. 
Liefeld, Hanzely, Kirby and Mott[17] have 
shown that the prominence of this peak is due 
to a line-like reflectivity structure at 532 eV 
which KAP exhibits; it is not clear, however, 
whether only continuum radiation or also a 
true emission peak is enhanced. Other 
analyzers containing oxygen may exhibit 
the same phenomenon. Many investigators, 
using various crystals and gratings, found a 
more or less pronounced peak in the 530-532 
eV region. Holliday[18], comparing the OK 
spectrum from BeO obtained with a grating 
with that from & KAP crystal, found no peak 
at 532 eV. O’Bryan and Skinner[2] and Chun 
and Hendel[5], likewise using a grating, 
detected a peak at this position, however. In 
the spectra of Fischer and Baun[6], who used 
a clinochlore crystal, a hump can be detected 



eV 

Fig. 4. Graph of the residual charge on the O ion plotted 
against the position of the main O K band. 
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1 Table 1. Energies in eV of the bands of the oxygen K spectrum and 
peak intensities relative to peak D 



B 

C 

D 

E 

IbIId 



BeO 

532-1 


525-2 

521-2 

057 


010 

MgO 

532 0 


525-4 

522-2 

068 


0-10 

AljOjj 

532 1 


525-3 

521*3 

060 


0 18 

Li 2 C0 8 

531-9 


526-1 

520-7 

0-55 


0-15 

LiNOa 

532-1 


527-1 

520-7 

030 


0-13 

CaO 

531-7 

527-5 

525-3 

521-5 

1 06 

0-66 

Oil 

SrO 

531-9 

528-3 

525-5 

521-4 

0 56 

0-27 

0-16 

BaO 

531-8 

528-6 

525-4 

521-3 

0-47 

0 13 

014 

BaOj 

532-2 


528-1 

525-0 

065 


0-90 

Ti0 2 

532-0 


525-9 

523-3 

0-57 


0-34 

Cr 2 0 3 

532-3 

528-2 

525-3 

522-5 

0-38 

0-24 

0-28 

K. 2 Cr 2 0 7 

532-3 


526-0 

523-8 

055 


0-28 

MnO 

531-9 

527-5 

524-9 

522-6 

060 

0-49 

016 

Mn0 2 

532-3 

527-7 

525-6 

523-1 

050 

0-22 

0-60 

MnOr 

532 1 


525-8 

523-6 

0-58 


0-30 

FeO 

532-1 

527-7 

524-6 

521-8 

055 

0-50 

0-15 

Fe-A, 

532-2 

527-2 

525-0 

522-1 

0-30 

0-37 

0-24 

NiO 

531-9 

527-4 

524-6 

521-6 

060 

0-70 

0 13 

Estimated 








error 

±0 3 

±0-4 

±0 2 

±0-4 

±10% 

±20% 

±20% 


at 530-531 eV. Probably the oxygen spec¬ 
trum does contain a peak here, but in some 
experiments this peak is enhanced by the 
crystal chosen while in other experi¬ 
ments it is suppressed by absorption or 
by other modes of excitation. High-energy 
satellites are often due to multiple ionization; 
in this case peak B can be ascribed to a transi¬ 
tion from a KL 2 triplehole state, which is 
generally called the satellite. The triple¬ 
hole electron configuration of the oxygen ion 
present in the substances investigated corre¬ 
sponds to a state of neutral oxygen. The data 
available for the main peak D suggest that a 
peak found at 531-532 eV can indeed be 
attributed to a neutral oxygen atom (Fig. 4). 
The exact location of the Ka 5 , e peak cannot be 
deduced from our spectra, however, the band 
B being enhanced by the analyzing crystal. 

The presence of peak C depends on the 
metal ion. Fot^the oxides of the lighter ele¬ 
ments, as BeQ, MgO, A1 2 0 3 , C0 3 ” and N 0 3 “, 
it is absent. Significantly it is also absent in 
the spectn§pf Crj0 7 ~ and Mn0.r, but present 
in the spectra of Cr s 0 3 , MnO and MnCV 


This peak may be ascribed to the cross-over 
transition of an electron of the metal ion to 
the oxygen K level. The occurrence of this 
type of cross-over transition was predicted 
by Roster and Mendel in their work on the 3 d- 
transition metal K(3 spectra[11], where proof 
was given of the reality of the cross-over 
transition from the oxygen or fluorine L level 
to the metal K level. The existence of cross¬ 
over transitions was first recognized by 
Vainshtein, Bril’ and Staryi [ 19]. No unbonded 
3 d electrons remain in the ions Cr>0 T ” and 
MnOr, and thus peak C of the lower oxides 
of Cr and Mn and also of FeO, Fe 2 0 3 and NiO 
can be attributed to the transition of valence 
band electrons mainly characterized as metal 
3d electrons admixtured with 4s and perhaps 
4 p electrons. The intensity of peak C, in 
rough agreement with this interpretation, is 
highest in FeO and NiO. Oxides like CoO, 
C 03 O 4 , etc., were not investigated but they 
also should show peak C rather strongly. 

According to the present interpretation, 
peak C should show fine structure; this has 
been found by several authors [1,2.4.5] 



K EMISSION SPECTRUM OF OXYGEN AND FLUORINE 


im 


though our spectrometer did not resolve it, 
Chun and Hendel[5], for instance, show in 
the series CaO-SrO-BaO that the two com¬ 
ponents, separated from each other by about 
1 eV, are sharper than the oxygen main band, 
and the more so if the metal is heavier. This 
agrees with the notion that these two lines are 
associated with metal ion valence electrons. 
The same authors found a small single peak 
in the case of MgO as would be predicted for a 
Mg atom having only 35 electrons. 

Peak E is generally weak; but in Ba0 2 it 
is nearly as intense as the main peak and in 
Mn0 2 , Ti0 2 , Mn0 4 “ and Cr 2 0 7 “ it is also 
rather prominent. It is less pronounced in 
NaCI type compounds like MgO, CaO, MnO, 
FeO, NiO. We attribute it to the transition 
of electrons involved in covalent bonding, 
in much the same way as specific energy 
levels due to the covalent bond were assigned 
for hydroxides (Mendel and Koster[16]). The 
two oxygen atoms in the 0 2 2 ~ ion are held 
together by a single bond of the a type, its 
electronic structure being : 0 : 0 : ; a similar 
bond is presumably present in Mn0 2 (certainly 
not an ionic crystal), which accounts for its 
high E peak, to a lesser extent in Ti0 2 , 
Mn0 4 ~, Cr 2 0 7 ~ and still less in Cr 2 0 3 and 
Fe 2 0 :] . 

Composite diagrams of oxides 

When explaining the /C/3 spectra of com¬ 
pounds of the 3d-transition metals and of 
other elements, Mendel and Koster[l 1. 12, 
16] constructed composite energy diagrams. 
A composite energy diagram consists of 
series of energy levels that belong to the 
various constituting atomic and molecular 
orbitals, and it represents the energetic state 
of the compound. During emission of X-ray 
quanta, transitions are possible not only 
between levels of the orbitals of one atom, but 
transitions between a molecular orbital and 
an atomic orbital level and cross-over transi¬ 
tions (which can be regarded as an extreme 
form of a M.O.-A.O. transition) can also 
occur. The composite energy diagrams as 


proposed for CaO, TiO*, Cr*O a , CrO a , MnO, 
Mn0 2 , Mn0 4 ~, FeO and Fe 2 0 3 [ll] are ftilly 
confirmed by the present experiments, and 
some details can now be added*. Table 2 gives 
the relevant energy levels. 


Table!. Energy levels in the composite 
diagrams , in eV 



Metal M, v ,v> Ni 

Oxygen L nm 

Oxygen K 

CaO 

4-5 

7 

532 

TiO, 

6-7 

7 

532 

Cr 2 0 3 

4-5 

7 

532 

Cr 8 0 7 “ 


7 

533 

MnO 

5 

7 

532 

MnO a 

6 

7 

532 

MnOr 


7 

533 

FeO 

4 

7 

532 

Fe 2 0 3 

5 

7 

532 


♦The Miv.v» Wi level at 8 eV in Cr 2 O a was based upon 
an incorrect spectrum by Fischer and should be 


Fluorine 

Most of the fluorine K spectra investigated 
here are comparable with the oxygen K 
spectra, and their interpretation can follow 
that of the preceding section. The only excep¬ 
tion is the F K spectrum of Teflon, a tetra- 
fluoroethylene polymer, which has a different 
appearance caused by its covalent bonding. 
Typical fluorine K bands are shown in Figs. 4 
and 5. Analogous spectra have been omitted, 
CsF being like NaF, K 2 TiF 6 , K 3 MnF 6 , 
K 2 MnF fl , and CrF 2 like CaF 2 , and CoF 2 like 
NiF 2 . Table 3 gives the positions of the 
maxima of the sub-peaks and their relative 
intensities. 

Peak S, less prominent than in the oxygen 
K spectra, occurs at 680*7 ± 0*3 eV and can be 
ascribed to neutral fluorine atoms, as was 
already suggested by O’Bryan and Skinner 
[2]. A neutral atom is the result of the removal 
of an electron from the L shell, and accord¬ 
ingly peak B can be called the /Ca 3 . 4 satellite, 
which is due to a double-hole KL transition. 
Its energy is 4eV greater than the main 


♦See Table 2. 
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Fig. 5. The first order fluorine K bands from LiF, NaF, 
KF and RbF. 

fluoride ion peak, as would be expected for an 
emitter whose charge is one electron unit 
higher (cf. the section on oxygen spectra). 
At high resolution several authors [3,4] found 
this peak to be a d<jit>let, the separation 
between the components being about 1 eV. 
The same was found for the Ka biS peak 
(peak B ) of the oxygen spectra[5]. Among the 
alkali fluorides the intensity of peak B is 
somewhat irregular; it is low and broad in 
KF and to a lesser extent in RbF. Fischer[3] 
states that it is absent in KF, but it is definitely 
present. 

We have found peak A only in fluorides 
although it has been reported in oxygefr 


spectra [4], It is very weak in the fluorides 
and since the oxygen spectra are less intense 
than those for fluorine, it could have been 
missed. This high energy band is also due to 
multiple ionization at a fluorine site, it is 
presumably the Xa M satellite. 

The maximum of the main fluoride ion band 
D, at 676-9 ±01 eV, is remarkably constant 
in position because of the high electro¬ 
negativity of fluorine. This value was predicted 
by Koster and Mendel [12] for those com¬ 
pounds for which no data were available. 
This peak is very sharp for all the alkali 
halides except LiF, which shows a neighboring 
low energy band. In the other compounds 



Fig. 6. The fluorine K bands from CaF 2 , FeF a , NiF 2 and 
Teflon. 
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Table 3. Energies in eV of the sub-bands of the fluorine K spectrum and peak 

intensities relative to peak D 



A 

B 

C 

D 

E 

F 


Wf© 

/ cl Id 

IsUd 

IfIId 

LiF 

686*1 

680*6 


677 0 

675*5 


0*08 

0*39 

, 

0*26 


NaF 

686*6 

680*9 


676*9 



0*04 

0*39 




KF 

685*6 

681*0 


676*9 



0*05 

0*16 




RbF 

685*6 

680*7 


676*9 



009 

0*25 




CsF 

685*0 

681*0 


677*0 



0*09 

0*39 




CaF 2 

686*1 

680 9 

678*5 

676*8 

675*6 


0*06 

0*39 

018 

0*21 


KjTiFs 

686*0 

681*0 

678*2 

677*0 

675*4 


0*06 

0*39 

016 

0*28 


CrF 2 

685*0 

680*5 


676*9 

675*5 


0*08 

0*41 


0*37 


K*MnF 6 

686*3 

681*0 

678*4 

676*9 

675*5 


0*06 

0*26 

0*18 

0*30 


KjMnFfl 

685*3 

680*5 

678*0 

676*9 

675*4 


0*06 

0*34 

0*17 

0*35 


FcF 3 

685 3 

681*0 

679*0 

677*3 

6749 


0*04 

0*28 

0*24 

0*36 


CoF 2 

685*2 

680*5 

678*3 

676*8 

675*1 


0*07 

0*46 

0*31 

0*45 


NiF 2 

686*1 

680*7 

678*9 

676*9 

675*2 


0*04 

0*38 

0*36 

0-48 


(CF 2 ) n 

685*6 

681*7 

679*2 

677*7 

675*2 

671*8 

0*05 

0*16 

0*28 

0*26 

0*07 

Estimated error 

±0*6 

±0*3 

±0*4 

±0 1 

±0 4 

±0*4 

±30% 

±10% 

±20% 

±20% 

±20% 


examined it is broader, both on the low and 
the high energy side. In FeF 3 , for instance, a 
definite hump can be detected on the low 
energy side. Peaks C and E were obtained by 
subtracting the standard D profile (from 
RbF or CsF) from the observed D band. 

Peak C is absent for the alkali fluorides and 
becomes more prominent as the number of 3 d 
electrons increases. Accordingly it can be 
attributed, like the peak C of oxygen, to the 
cross-over transition of a metal M, v .v. N\ 
electron to the fluorine K level. Unfortu¬ 
nately the accuracy with which this peak can 
be defined, both in intensity and in position, 
is limited. 

Among the alkali halides peak E is seen only 
for LiF. In this compound the covalent con¬ 
tribution to the bonding is greatest and this is 
probably enhanced by the mutual contact of 
its fluoride ions. In the series of transition 
metal fluorides, the relative intensity of peak 
E increases with the electronegativity of the 
metal. Thus, as with oxygen, there is a correla¬ 
tion between the appearance of peak E and 
the co valency of bonding. 

Teflon yields a totally different spectrum. 
A maximum appears at approximately the 
position of the fluoride ion peak; on the low 
energy side two humps yield two peaks, while 


on the high energy side peak A appears 
together with a very broad sub-peak, which 
was tentatively divided into two components 
of comparable half-widths. The C-F bond is 
sufficiently polar so that peaks A and D may 
be presumed to have the same meaning as 
for the inorganic fluorides. Peak D is shifted 
to higher energy, because the lesser negative 
charge on the fluorine atom increases the 
absolute value of its F K level. The remaining 
four peaks are attributed to the sp 3 hybrid 
covalent bond. The carbon K band emission 
spectrum of Teflon has already been deter¬ 
mined [15]; besides a very weak high energy 
peak, which presumably is analogous to the 
fluorine peak A, it shows four sub-peaks 
occupying approximately the same positions 
as those in the fluorine spectrum. It appears 
probable that four levels in the valence band 
(attributed to the fine structure of the sp 3 


Table 4. Energy levels in the composite 
diagrams, in eV 



Metal A/|v,v» Af) 

Fluorine Ln.m 

Fluorine K 

CaF* 

6 

8 

685 

MnF fl 8 " 

6 5 

8 

685 

MnF**- 

7 

8 

685 

FeF a 

6 

8 

685 
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hybrid molecular orbital) give rise to these 
peaks in both spectra. 

Composite diagrams of,fluorides 
Information from the spectra described 
above add some agreeing details to the com¬ 
posite diagrams given by Koster and Mendel 
[12]. This is indicated in Table 4 showing 
the relevant levels; note for instance the posi¬ 
tion of the metal M Iv .v, Ni level in the series 
of manganese oxygen and fluorine compounds. 
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ON THE SCATTERING OF X-RAYS BY 
STRUCTURES CONTAINING A 
RANDOM DISTRIBUTION OF DEFECTS* 

D. T. KEATING 

Brookhaven National Laboratory. Upton, N.Y. 11973, U.S.A. 

{Received 18 February 1971) 

Abstract-A recent treatment of the diffuse scattering of X-rays by defect structures (Keating 1968) 
has been shown to contain an approximation which is incorrect in the first order of the concentration 
of the defects (Hall 1969), When correctly treated the diffuse scattering is referred to the mean 
(dilated) lattice and the diffuse scattering attenuated by the same factor as the Bragg reflections. This 
treatment avoids expanding any exponential in powers of its argument. 

l. introduction factor as the Bragg peaks. This attenuation 


In a recent paper (Keating [1]) the scattering 
of X-rays by a crystal containing a random 
array of defects was considered. This treat* 
ment shows that there is a dilation of the 
average crystal lattice, and the Bragg peaks 
are displaced by a corresponding amount and 
weakened by an attenuation factor, first intro¬ 
duced by Krivoglaz[2]. The diffuse scatter¬ 
ing was given approximately as the square of 
the appropriate Fourier transform of a single 
defect referred to the original (undilated) 
crystal lattice whose atomic scattering factors 
were not weakened by an attenuation factor. 
Hall [3] has shown that this prediction regard¬ 
ing the undilated lattice and absence of an 
attenuation factor is incorrect due to a neglect 
of terms which are of first order in the con¬ 
centration of defects. In order to demonstrate 
this error the exponentials like exp (ix) were 
expanded to second order and appropriate 
terms regrouped. 

It is the purpose of this paper to correct 
this error without the expansion of such ex¬ 
ponentials and give the correct expression for 
the diffuse scattering. The diffuse scattering 
is found to be referred to the average (dilated) 
lattice and weakened by the same attenuation 


*Work supported by the U.S. Atomic Energy Com¬ 
mission. 


factor is not that due to an artificial tempera¬ 
ture factor involving the mean square atomic 
displacements. The attenuation factor for 
static displacements may in fact be quite 
different (Krivoglaz[4]). The results of a 
computer calculation are presented to demon¬ 
strate this difference. 

2. CALCULATIONS 

In order to simplify notation we define the 
following quantities: 

S] = (exp (/K. Mmj) -1) (la) 
tj = (exp (-iK . Mnj) - 1) . (lb) 

The notation is that used by Keating and Hall, 
where atoms initially at r m and r„ are displaced 
by the amounts /Vi and due to the presence 
of a defect at the j-th defect site. Here k is the 
difference in wavevectors of the scattered and 
incident X-ray beams. For the sake of clarity 
only the scattering by the matrix atoms is 
considered in detail. The attenuation and 
change in phase of the scattering of a matrix 
atoms is (Keating [ 1 ]). 

A m e t *’* = I}A m} = l} (l+/»i). (2) 

where p is the fraction of defect sites occupied 
by defects. The attenuation factor A m is 
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essentially independent of the site m and the 
phase 4> m arises from the mean displacement 
of an atom originally at r„ to the position 
on the mean (dilated) lattice. The diffuse in¬ 
tensity is the difference between the expecta¬ 
tion of the intensity and the product of the 
expectation of the scattering amplitude and its 
conjugate. The diffuse intensity scattered by 
the matrix atoms is then found by Keating (see 
equation (31)) and Hall (see equation (2)) to be 

£ e'* (r *- , » , {n[l +P(S)+t j +S i t i )\ 


can view the series within the braces in equa¬ 
tion (5) as contributions to the diffuse scatter¬ 
ing arising from correlations between sites 
m and n due to respectively one defect, two 
defects, three defects, etc. For m — n this 
series within the braces must be equal to 
(/tm -4 - 1 )■ The magnitude of these terms for 
m = n serves as an appropriate criteria for the 
importance of single, double, and triple defect 
scattering etc. We note that the first term 
within the braces in equation (5) with m = n 
can be expressed as 


-g[i+i«j][i+*j]}. o) 

The products are to be taken over all defect 
sites. Factoring out the last product which 
represents the attenuation factor and phase 
factor representing the change to the mean 
(dilated) lattice we may write for equation (3), 

/■» 2 2 e 


~p( 1 -p) jj 


d1n/4 m 2 

(p(l-p)) 


The ratio of this first term to (A„~ z — 1) or the 
relative importance of the single defect scatter¬ 
ing term is 


x 



P(\-PW, . 
(1+PAjMl+pfj) 



(4) 


-p(l-p)(l-/l m 2 )-‘ 


dAjl 

d (p(l —p)Y 


(7) 


Using the expansion formula for a product 
(Keating equation (18) or Hall equation (3)) 
we write equation (4) as 


/ m =//^ m 2 22 e "" <r ‘ _r;) {s 

m n ^ j 


RihiElMi 

AmjAnl 


If we consider the first and second terms in 
equation (5), (the second and third terms in the 
expansion of the product) the term analagous 
to the term in square brackets in Hall’s equa¬ 
tion (5) (keeping terms of first order in the 
arguments of exponentials) is 


, 1 yy P 2 (l-p)^Wt 

2 ! A m jA n jA m i c A n i c 

_|__1_ 'C\ ^ p 3 (l p)h;t [■VfcffrSif 1 

3! i ^A mJ A nl A m A n i c A, ri jA„ l 

The N terms with m = n in equation (3) yield 
Nf^A^i40*~\). This would be the ex¬ 
pression for the diffuse scattering if there were 
no correlation between the displacements, at 
sites m and n when defects are present. We 



l+p(l -p) 

v V’ _ ins, • Pmk) (** • MnJf) _ fOA 

" U + ip(K. p. mk )][\ -ip(K . p nk )]' 1 

Clearly, this is not linear in the displacements 
and hence cannot represent a lattice dilatation. 

We also recognize the first term in equation 
(5) as the square of the magnitude of a sum 
written as 


p(l-p) 2) 

j 


1] e‘^ 


■ (9) 
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This is analogous to Hall’s equation (7) except 
that his Debye-Waller factor is replaced by 
A„ and there is the additional complex factor 
Am appearing in the denominator of equation 
(9). To be certain that the complex factor ,4 mi 
does not contain a term representing a lattice 
dilation multiply numerator and denominator 
by AZi- If the defect has a center of symmetry 
the result is 


more, if only quadratic terms in the arguments 
of the exponentials are retained then the 
attenuation factor is identified as a Debye- 
Waller factor or artificial temperature factor 
2M' = ((k . Mmj)*). Hall (see equation (7)). 
The attenuation factor used in this treatment 
is not related to the mean square atomic dis¬ 
placements unless k . is small for all the 
displacements. The reason for this lies in the 


-p(i-p) 2/^*2 


sin (k . Hm) sin (k . r^) -4- 2(1 -2 p) sin 2 (k . ftnu/2) cos (k . r^) 


[1 +4p(l —p) sin* (fc.fUj/2)] 


( 10 ) 


Equation (10) is clearly expressed in terms of 
the vectors r^ of the mean (dilated) lattice. 
For sufficiently small p, A^ in equation (9) 
may be replaced by unity. 

The other terms in equation (31) of Keating 
can be treated in a similar manner to give an 
expression similar to equation (32). The main 
terms in that equation can be written as 


l D = pl 0 -An/S 

J 


+p(l-p) 





IK. r^(e 

e — 




1) 


* mj 


+pX A tf» c "" , J£ ~^— L 


( 11 ) 


The primed vectors are expressed in terms of 
the mean lattice. The terms not included in 
equation (11) are of the order p 2 and are dis¬ 
cussed in the appendix. 


3. DISCUSSION 

Hall is correct. The diffuse intensity should 
be referred to the mean (dilated) lattice and be 
attenuated by the same factor as the Bragg 
peaks. However, this method of proof avoids 
the procedure of expanding the exponential, 
grouping terms, and identifying them. Further- 


fact that the probability distribution for static 
displacements is not described by a Gaussian 
distribution as it is in the case of thermal dis¬ 
placements in the harmonic approximation 
(Krivoglaz[4]). The disparity between exp 
(“2 M’) and A m 2 is illustrated in Fig. 1 for a 
case in which the displacements are large. The 
case is that of a hep crystal with the ideal c/a 
ratio and a Poisson’s ratio of 0*3 containing 
basal plane dislocation loops of 148 atoms 
each. The displacements were calculated with 
a Control Data CDC-6600 computer using 
the expressions given by Keating and Goland 
[5] for the displacement field. Displacements 
less than 0*005 of the largest displacement 
were set equal to zero, or the displacements 
of 1,192,830 atoms were taken into considera¬ 
tion. The weakening factors exp (—2M') and 
A th 2 for several (HK . L) reflections are plotted 
vs. 2 p in Fig. 1, where p is the concentration 
of loops expressed as a fraction of matrix 
atoms present in the form of loops. 

Because the displacements are largest in the 
direction of the hexagonal axis, the (k . ^Ts 
are largest when k is in this direction, and 
there is a strong dependence of the weakening 
factors on the Miller index L. Thus for a given 
concentration the figure is a good illustration 
of the discrepancy between A m 2 and exp 
(—2 M f ) as the magnitude of the 
are varied. As long as the (k./a^’s are all 
small the two weakening factors give similar 
results; when this is not the case, as in the case 
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Tig. 1. The weakening factors (a) exp (—2A/') and (b) A m 2 as a function of 2 p, a measure of the concentration of basal plane dislocation loops in a hx.p. 
crystal. If the (k . are all smalt the two factors are similar (compare the two for the (10 0) reflection). The disparity between the two increases 
when this condition is not met (compare the two (00 4) reflections), and (a) overestimates the weakening. 
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of the (00-4) reflection exp (—2A/') over¬ 
estimates the weakening. This can be under¬ 
stood from the fact that — 11 2 while 

(k . finj) 2 has no bound. This treatment has 
an advantage in the interpretation of the terms 
in equation (5) according to the powers of 
p(l-p) as single, double, triple defect 
scattering, etc. Furthermore, a criterion for 
the relative importance of the single defect 
scattering is established in equation (7). For 
example, in Fig. 1 A m 2 is essentially exponen¬ 
tial in the concentration so that to a good 
approximation equation (7) becomes (—In A m 2 )l 
(A m - 2 — 1). That is, for A m 2 = 0-8,0*4, and 0*1 
the relative contribution of the single defect 
scattering is respectively 89*3%, 611%, and 
25*6% of the total diffuse scattering. How¬ 
ever, it should be stressed that the criterion is 
not exact in the sense that the relative con¬ 
tribution of the single defect scattering is given 
exactly for any value of k. Rather if the frac¬ 
tion is small then it would be prudent to con¬ 
sider the effects of the other terms in equation 
(5). 

In the experimental observations of BeO 
and diamond considered by Keating the diffuse 
intensity appears to be stronger on the high 
angle side of the reflections as if it were 
centered at the undilated lattice position rather 
than at the mean dilated lattice position. In a 
computer simulation of an interstitial defect in 
the bcc position of a simple cubic lattice 
(Keating and Goland[6]) it is found that when 
the strength of the defect is large, the diffuse 
scattering is larger on the high angle side of 
the reflections (see the (b) parts of the figures). 
It is possible that a complex defect or cluster 
with a large effective strength is the explana¬ 
tion of the apparent displacement of the diffuse 
scattering to the high angle side of the reflec¬ 
tions in BeO and diamond. 

Acknowledgements — The author is grateful to Mrs. Lydia 
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APPENDIX 

There are other terms in the diffuse scattering equation 
(31) of Keating which can be treated in the same manner 
as the scattering from the matrix atoms. If only those 
terms corresponding to single defect scattering are re¬ 
tained and the fact that « -** Jt is used, then the single 
defect scattering can be written as 
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The factors A u etc. are defined as A ^ in equation (2). 
When equation (A. I) is compared term by term with 
equation (11), the difference is 
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+ConjJ. 


These terms are of order p 8 , and for the most part contain 
factors like ( A — 1) which further reduce their impor¬ 
tance. 
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R6suin£-On £tudie par la m6thode des therm ocourants de depolarisation, la reorientation des 
complexes lacune-impurete dans les cristaux de NaCl dopes par Ca 2+ , Cd 1+ , Mn 2 * et Mg 2 *. On met 
en evidence un pic d’absorption principal monoenergetique qu’on attribue aux lacunes en position de 
premier voisin et un second, plus faible, caracterisable par plusieurs temps de relaxation, attribuable 
aux lacunes plus eioignees. Cette interpretation, donnee en considerant trois couches d’occupation 
pour la lacune autour de Timpurete, est generate au cas de NaCl dope par une impurete divaiente 
quelconque, en tenant compte des resultats publies par d’autres auteurs pour Be 24 ', Co 2 *, Sr*\ ainsi 
que de ceux obtenus par diffusion, conductivity et RPE. 

Abstract-We study, by means of the depolarization thennocurrent method (I.T.C.), the reorienta¬ 
tion of impurity-vacancy complexes in NaCl containing divalent substitutional ions such as Ca 1 *, 
Cd 2 *. Mn 2 * and Mg 2 *. Two thermocuiTent peaks are noticeable: the greater one (monoenergetic) is 
ascribed to vacancies in nearest neighbour positions; the other (not compatible with a single relaxa¬ 
tion time) to vacancies in more distant sites. This interpretation (given using a three-shell model) is 
extended to the case of NaCl doped with any divalent impurity: for this purpose, it is taken account 
of the results published by other authors concerning Be*\ Co**, Sr 2 *, and those obtained from 
diffusion, conductivity and E.P.R. measurements. 


INTRODUCTION 

La reorientation des complexes lacune- 
impuret6 divaiente dans des monocristaux 
d’halogenures alcalins dop6s a d6j& fait Tobjet 
de nombreux travaux exp^rimentaux. Comme 
on peut associer a ces complexes un moment 
dipolaire, Tetude de leur reorientation a 
souvent et£ effectuee par Tanalyse de la 
polarisation acquise sous Taction d’un champ 
electrique. Les methodes utilisees sont soit 
celle des pertes dielectriquesfl], soit celle 
des courants transitoires[2], soit encore, plus 
r^cemment, celle des thermocourants de 
depolarisation (initialement appele ITC par 
Bucci et ses collaborateurs [3]). 

Si Ton dispose d’un nombre assez yieve 
de resultats expyrimentaux, fort peu de 
modules par contre, ont proposes pour 


*Ce travail fait partie d’une these de Doctorat es- 
Sciences prysent6e k la Faculty des Sciences d’Orsay par 
P. Dansas. 


expliquer le mecanisme de reorientation de 
ces complexes. 

Le plus complet d’entre eux a ety propose 
par Dreyfus [2] pour expliquer les resultats 
experimentaux qu’il a obtenus sur NaCl 
dope par Sr 2 *, Ca 2+ , Cd 2 *, Mn 2+ , Zn 2 * et 
Mg 2 *, dont les rayons ioniques sont voisins 
ou differents de celui de Tion substitu^. 
Selon Tauteur les ph^nom^nes de polarisation 
peuvent etre convenablement interpry tes en 
tenant compte de deux couches d’occupation 
pour la lacune: 12 positions de premier 
voisin (p-v), distantes de asfl de Timpuret^; 
6 positions de second voisin ( s-v ), distantes 
de 2 a de Timpuretl (a £tant le demi pas du 
reseau). Ce module pr^voit, entre autres, que 
la majority des lacunes est soit en position 
de p-v, lorsque le rayon R de Timpurety est 
grand devant celui R 0 de Tion substituy, soit 
en position de s-v , dans le cas contraire; 
dans les deux situations yvoqu6es on est 
conduit a pry voir une polarisation basse 
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frequence preponderant©. Or il faut re- 
marquer qu’un certain nombre de resultats 
parus post6rieurement au travail de Dreyfus 
vont k Tencontre de cette provision (totale- 
ment ou en partie seulement): 

Bucci[4,7] surNaCl dope par Sr t+ (R > R Q ) 
et Be 2 * (R < R 0 ) observe une polarisation 
haute frequence preponderant©; en ce qui 
conceme NaCl dope par Sr 2 * on peut noter 
d’autre part que Tensemble des resultats 
experimentaux ne sont pas concordants: mise 
en evidence de trois phenomenes de relaxa¬ 
tion par Dreyfus, de deux seulement par 
Bucci. 

A partir de leurs mesures effectuees en 
haute temperature Jain et Lai(6] concluent, 
en utilisant ce module, k Texistence d’une 
majorite de lacunes en position de j-u; on 
arrive a une conclusion differente (majorite 
de lacunes en position de p-v) si on considere 
les resultats de Capelletti[5] obtenus a basse 
temperature (cas de Co 2 *). 

Tels sont quelques exemples de disaccord 
entre des resultats experimentaux et le modeie 
propose par Dreyfus. 

En ce qui conceme le moddle Iui-meme, 
il convient de faire un certain nombre de 
remarques. Il existe, en effet, dans Targu- 
mentation de Dreyfus, un point qui, sans 
paraitre a priori deraisonnable, est nean- 
moins suceptible d’etre remis en cause. 

Dans ses experiences Dreyfus met en 
Evidence trois phenom^nes de polarisation, 
celui situe en plus basse frequence n’etant 
par monoenergetique. Il attribue ce dernier 
aux lacunes pr6sentes dans des sites plus 
61oign6s que ceux de second voisin; les deux 
autres ph^nomenes de relaxation sont alors 
analyses en ne tenant compte cette fois, que 
des lacunes en position de p-v et s-v. En 
proc6dant ainsi, il n’a pu etre v6rifie que 
rimportance et la position du phenomene 
de polarijp^Ste basse frequence (attribue aux 
lacunes jmplites dans des sites plus 61oignes 
que ceiitiie s-v) etaient bien compatibles 
avec celles des autres phinomenes de polar¬ 
isation (attribuis aux lacunes situ^es en 


position de p-v et s-v), Cette dernfere re- 
marque a conduit Franklin [9] a r6examiner en 
partie le module de Dreyfus. En adoptant des 
hypotheses qui concordent avec celles de 
Dreyfus (dans le cas precis de NaCl dope par 
Mn 2 *) et tenant compte en outre des lacunes 
en position de troisi^rne voisin (f-u) (distantes 
de aV 6 de Timpurete), pr£voit des pheno- 
menes de polarisation dont les grandeurs 
respectives ne concordent pas avec celles 
observees par Dreyfus. 

Etant donne qu’il existe certaines contra¬ 
dictions, tant en ce qui conceme les experi¬ 
ences que le module lui-meme, il nous a paru 
souhaitable: 

De reprendre, d’une part, des mesures de 
polarisation sur des cristaux deja etudi£s par 
Dreyfus (NaCl dope par Ca 2 *, Cd 2 *, Mn 2 * et 
Mg 2 *) celles sur NaCl dope par Be 2 *, Co 24 et 
Sr 2 * ayant ete obtenus[4-7] recemment. Il 
est en effet tres important de preciser si tous 
les phenomenes de polarisation observes 
par Dreyfus sont bien attribuables a la relaxa¬ 
tion de complexes lacune-impurete. 

D’autre part de calculer, en considerant 
trois couches d’occupation pour la lacune, 
les temps de relaxation et les polarisations 
correspondantes, sans se limiter, comme Ta 
fait Franklin a un calcul numerique (dans le 
seul cas de NaCl dope par Mn 2 *) qui ne revet 
aucune generality. 

1. ETUDE EXPERIMENT ALE DES COMPLEXES 

LACUNE-IMPURETE DANS DES CRISTAUX DE 
NaCl DOPES PAR Ca 2 \ Cd 2+ , Mn 2+ et Mg* + 

( 1 . 1 ) Echantillons et conditions experiment ales 

Les monocristaux utilises* sont faiblement 
dopes, les concentrations en impuret^s 
(determinees par spectrophotometrie d’ab- 
sorption atomique) sont indiquees dans le 
Tableau L 

Pour etudier les proprietes dielectriques de 
ces cristaux, nous avons utilise la m6thode des 
thermo-courants de depolarisation [3]. Nous 


*Ces dchantillons nous ont 6t6 foumis par le Prof. 
ICorth Laboratoire de Physique. Kiel, Allemagne. 
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Tableau 1. Enirgie <P activation et facteurs pre- 
exponentiels dans NaCl dopi 


Impuretes 


l/To«-‘) 

Concentration 

atoraique 

Rayon (A) 
(Pauling) 

Ca 8+ 

0,695 

1,2 x 10 w 

1.5 xlO'* 

0,99 

Cd* + 

0,65 

1,5 X 10 13 

3*5 x 10~< 

0,97 

Mn l+ 

0,67 

1,1X10“ 

7 X 10"* 

0,80 

Mg a+ 

0.63 

3.4 x 10 IS 

7 x 10"* 

0,65 


ne rappellerons ici que brievement le prin- 
cipe de cette methode. Lorsqu’une substance 
contient des dipoles, un certain nombre 
d’entre eux peuvent etre orientes sous Paction 
d’un champ electrique continu. Une trempe 
a une temperature tres basse, pour laquelle 
le temps de relaxation est devenu extreme- 
ment grand, permet de ‘geler' la polarisation 
acquise; le champ peut alors etre coupe sans 
que l’etat de polarisation de la substance se 
trouve modifie. Si on fait remonter la tempera¬ 
ture a une vitesse controlee, on obtient un 
pic de thermocourant (correspondant a la 
desorientation progressive des dipoles), dont 
Ies caracteristiques peuvent etre reliees aux 
grandeurs cherchEes: energie d’activation, 
facteur pre-exponentiel, polarisation. Etant 
donne la necessite l’operer a basse tempera¬ 
ture, cette methode permet de mieux separer 
experimentalement les difFErents phenomenes 
de polarisation. Nous avons utilise, pour la 
mesure du courant, un electrometre Cary 
401 dont la resolution est de 10 -17 A. 

Les echantillons (dont les faces sont peintes 
a l’aide d’une laque a Pargent) sont, avant la 
mesure, chauffes pendant quelques heures, a 
des temperatures voisines de 400°C puis 
rapidement portes a une temperature in- 
fErieure a 0°C, pour laquelle la cinetique de 
disparition des dipoles est lente [10], en 
particulier si les cristaux sont faiblement 
dopEs. 

Les Echantillons sont genEralement polar¬ 
ises par des champs de l’ordre de 10 Kv/cm, 
pendant quelques minutes, a une tempera¬ 
ture voisine de celle pour laquelle le thermo¬ 
courant est maximal. Les enregistrements 


sont effectuEs pour des vitesses de remontEe 
de la temperature voisines de 0, rKS" 1 . 

(1.2) Resultats obtenus sur NaCl dopi par 
Ca* + , Cd 2+ , Mn i+ et Mg s+ 

On a regroupe sur la Fig. 1 les thermocour- 
ants de depolarisation observEs pour les 
quatre impuretes utilisEes. Sauf pour Ca* + 
oh il n’existe qu’un seul pic, Penregistrement 
de thermocourant presente deux pics, presque 
dissocies dans le cas de Mg* + et Cd s+ , forte- 
ment imbriquEs dans le cas de Mn 2+ . Les pics 



Fig. 1. Thermocourants de dipolarisation en fonction de 
la temperature, pour NaCl dopi par: Ca 1+ (a); Cd* + (b); 
Mn ,+ (c); Mg*Td). 
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obtenus pour une m£me impureti sont trop 
dissemblables pour qu’on puisse analyser le 
pic le plus petit avec une precision suffisante. 
On peut cependant affirmer qu’il n’est pas 
& temps de relaxation unique (la courbe Log 
PI l = <p{llT) n’est pas une droite; on appelle 
P la valeur de la polarisation de l’6chantillon 
et / celle du thermocourant k la temperature 
T)[3], Le pic principal est, par contre, mono- 
6nerg6tique et a les caracteristiques indiquees 
sur le Tableau 1. Si Ton compare nos rdsultats 
k ceux de Dreyfus, on retrouve bien un 
ph6nom£ne de polarisation principal a temps 
de relaxation unique (les valeurs des energies 
d'activation etant concordantes) ainsi qu’un 
second ph£nom&ne de polarisation (de plus 
faible amplitude) qui ne Test pas. Par contre 
nous ne mettons pas en evidence le trois- 
ieme phenomene de polarisation observe par 
Dreyfus (qui, dans nos experiences, devrait 
se traduire par i’existence d’un pic supple¬ 
mental situe a une temperature inferieure 
& celle du pic principal), bien que la methode 
de mesure utilisee soit au moins aussi sensible 
que celle employee par Dreyfus. 

2. DETERMINATION DES MODES DE 

RELAXATION, FREQUENCES DE RELAXATION 
ET POLARISATIONS 

(2.1) Modes de relaxation electriques 

Pour faire cette determination, il faut, selon 
une methode tout a fait classique, etablir le 
bilan dynamique des populations des sites 
possibles pour la lacune, a partir des fre¬ 
quences d’echanges entre ces sites. Le prin- 
cipe de ce calcul est donn6 dans I’Annexe 1. 

Nous consid6rerons ici trois couches d’oc- 
cupation pour la lacune, soit 42 sites pos¬ 
sibles: 12 dans la position de p-v (distants de 
aV5 de 1’impurete), 6 dans la position de s-v 
(distants de 2a de l'impurete), 24 dans la 
position de t-v (distants de aV6 de l’impurete) 
qui, dans une representation par rapport k un 
systime $axes 0, *, y, z (l’impurete etant 
place ^liylp rigine) se repartissent comme 
l’indi^epTableau 2. 

On appellera w u la frequence de saut deja 
lacune d’un site en position de i 4m 'voisin 


Tableau 2. Repartition des diffirents sites 
considers pour la lacune 


Sites Equivalents 

Plan 

N ombre 



Position 

Z =* ±2a 

i<+) 

K-) 

k+) 

10H 

s-v 


4(+) 

4 H 

2(+) 

9H 

t-v 


4(+) 

4H 

3(+) 

«(-) 

p-v 

Z = ±a 

8(+) 

8(-) 

4(+) 

7 H 

p-v 



4 


5 

p-v 

Z = 0 


4 


6 

s — v 


vers un site en position de y in *voisin, w 10 
celle relative a l’echange lacune-impurete et 
on posera: w 0 = H’ n 4- tv 10 . On supposera 
d’autre part, que les echanges entre deux 
sites distants de plus de a\fl sont impossibles. 

Les quatre frequences de relaxation pos¬ 
sibles sont les valeurs propres de la matrice 
A donnee en Annexe 1. 

( 2 . 2 ) Frequences de relaxation et polarisations 
Hypotheses 

Nous effectuerons le calcul dans le cas 
oil la majority des lacunes est en position 
de premier voisin (les resultats de celui-ci 
seront utilises lors de 1’identification des 
ph6nomenes de relaxation). On peut con¬ 
sider dans ce cas que les valeurs de la 
frequence de saut w„. n+ , et celle w n+l ,„ du 
saut inverse vont varier lentement et pro- 
gressivement lorsque n croit, et atteindre, 
pour n assez grand, la valeur de la frequence 
de saut relative a la lacune libre. Ceci peut 
se traduire dans un modele a trois couches, 
par les in6galit£s suivantes: 

w 12 > h> 23 (dloignement de la lacune) 
w 32 < Wjj (rapprochement de la lacune) 

wis < *3tl wn < w 13 < >V 3 j 

w 13 < K' m < w n < W>3,. 

Nous avons suppose que >v n ,„ +1 est de la 
forme.. »».,,+» = A exp — (E B ,* +1 /fcT), £«.n+i 
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dEsignant la barriEre qui sEpare un site en 
position de w ta * e voisin d’un site en position 
de (n+ l) 4me voisin; elle tend vers 0,8 eV 
[ 11 ] pour n grand (Energie de migration de la 
lacune libre). Les energies relatives E la 
migration d'une lacune autour de l’impuretE 
obtenues a partir de mesures de pertes di- 
Electriques donnent des valeurs systEm- 
atiquement plus faibles d’au moins 0,1 eV. 

On peut raisonnablement penser que la 
barriere s’opposant 4 l’Echange t-v —*■ t-v 
est suffisamment grande devant celle qui 
s’oppose au retour direct d’un site t-v vers 
un site p-v, pour qu’on ait en particular a 
basse temperature, < tr g ,. 

II est difficile de preciser a priori les valeurs 
respectives de w l3 , d’une part et w n , 
d’autre part; tout au plus peut on dire 
qu’elles sont voisines deux a deux. 

Nous supposerons d’autre part, que n > 0 
peut prendre des valeurs differentes suivant 
1 ’impurete utilisee, mais qu’on aura toujours 
pour une impurete donnEe: 

*0 ^ VV 3 ], w 3t , 

(w 0 designant la frequence de saut la plus 
grande de toutes). 

Si on adopte ces hypotheses on est amene a 
prEvoir un phenomene de polarisation haute 
frequence preponderant, a temps de relaxa¬ 
tion . unique, attribuable aux lacunes en 
position de p-v et un phenomene de polarisa¬ 
tion basse frequence, caracterisable par 
plusieurs temps de relaxation voisins, rendant 
compte de l’existence des lacunes en posi¬ 
tion de s-v et t-v simultan 6 ment (voir 
Annexe 2). 

3. IDENTIFICATION DES PHENOMENES DE 
RELAXATION 

La situation que nous avons dEcrite ci- 
dessus (polarisation basse temperature 
prepondErante) est bien celle observ 6 e dans 
nos experiences sur NaCl dope par Ca 2+ , 
Cd 2+ , Mn 2+ et Mg 2+ et dans celle de Bucci 
sur NaCI dope par Sr 24 . Neanmoins cette 
concordance ne suffit pas it justifier les 


hypotheses que nous avons adoptees, taut 
que nous n’aurons pas expliquE la difference 
entre nos rEsultats joints k ceux de Bucci 
et ceux de Dreyfus (existence d’un pheno¬ 
mene suppl 6 mentaire pour cet auteur). 

Ceci peut etre fait en considErant le cas de 
NaCl dope par Mn 2+ , exemple pour lequel 
Watkins [19] a montr 6 par R.P.E. que la 
mqjoritE des lacunes est en position de p-v, 
Lorsque cette situation existe, les frequences 
de relaxation relatives au s-v et t-v ne peu- 
vent etre que voisines (voir leur expression 
Annexe 2). C’est en effet ce qui ressort de nos 
calculs ainsi que de ceux de Franklin, bien 
que ce dernier fasse sur tv, une hypothEse 
trEs diffErente de la notre. II ne semble done 
pas qu’il soit possible, comme le fait Dreyfiis, 
d’attribuer aux s-v et voisins plus EloignEs 
(t-v en particular) des frequences de relaxa¬ 
tion tres differentes, tout en supposant que 
la majority des lacunes est en position de 
p-v. 

Nous sommes done conduits a penser que 
la polarisation haute frequence mise en Evid¬ 
ence par Dreyfus (et qui correspondrait dans 
nos experiences, k l’existence d’un pic 
supplEmentaire situe a des temperatures plus 
basses que celles ou nous observons le pic 
basse temperature) ne peut Etre attribute 
aux seconds voisins. II faut remarquer nEan- 
moins qu’un tel phenomene de polarisation 
supplementaire peut exister[12,13] mais 
prEsente la particularitE de n’apparaitre qu’au 
cours d’un recuit; il ne semble done pas qu’il 
s’agisse d’un phenomEne de polarisation 
ayant la meme origine que ceux dont nous 
avons discutE precedemment. Nous n’avons 
pas d’ailleurs reporte ici les rEsultats ob- 
tenus sur des cristaux de NaCl dopEs par 
Zn 2+ et Ni 2+ , pour lesquels il y a appari¬ 
tion d’un tel pic supplementaire: celui-ci 
disparait apres chauffage suivi de trempe, 
mais rEapparait trEs rapidement au cours 
d’un recuit, meme & la temperature ambiante; 
simultanEment le pic principal diminue. Il 
semble done que ce soit un phEnomEne de 
ce genre que Dreyfus a observE. 
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Cette precision 6tant donn^e, on peut dire 
que nos experiences et celles de Bucci sur 
NaCl dope par Sr® + sont en accord avec 
celles de Dreyfus pour les memes impuretSs. 

Dans ces conditions se trouve justifiee 
1’hypothese suivant laquelle w 0 > w n , w 3i , 
tvj*, la m^jorite de lacunes etant en position 
de premier voisin, ce qui entraine necessaire- 
ment l'existence d’un phenomene de polarisa¬ 
tion haute frequence preponderant. La reci- 
proque est d’ailleurs vraie, puisque dans un 
module k deux couches seulement, l’existence 
d’un ph6nomkne de polarisation haute fre¬ 
quence preponderant entraine necessaire- 
ment: > w 2t > w u (majorite des lacunes 

en position de p-v). Si on introduit alors 
les t-v, le phenomene de polarisation basse 
frequence k considerer n’est plus mono^ner- 
getique, mais caracterisable par plusieurs 
temps de relaxation voisins et tient compte 
de l’existence des lacunes en position de 
s-v et t-v simultanement. 

Les hypotheses que nous avons adoptees 
permettent done de rendre compte de l’en- 
semble des resultats experimentaux relatifs a 
NaCl dope par Sr 24 , Ca 2+ , Cd 2+ , Mn 2+ , Mg 2+ , 
Co 2+ , Be 2+ (existence d’une polarisation 
basse temperature preponderante). 

4. INTERPRETATION DES RESULTATS 
EXPERIMENTAUX 

(4.1 ) Pic basse temperature 
Nous sommes conduits a attribuer ce 
phenornkne de polarisation aux lacunes en 
position de p-v, avec une frequence de 
relaxation: 

A t =* 2w 0 = 2 (h'„ + h' 10 ). 

Le pic correspondant etant a temps de re¬ 
laxation unique, il convient de determiner la 
frequence preponderante dans l’expression de 
A partir de mesures dielectriques, on peut 
atteindre la plus grande d’entre elles et a 
partitiit mesures de diffusion la plus faible 
(limitation le mecanisme le plus len t 
[14, IS]. Ceci signifie que si dans l’expression 


de tv,, et de w,„ les facteurs preexponentiels 
ne sont pas tres differents, on atteint k partir 
de mesures de pertes dielectriques le pheno- 
mfcne d’energie la plus faible. Nous examin- 
erons d’abord le cas des impuretes pour les- 
quelles les mesures de diffusion existantes 
sont ici utilisables. Les resultats obtenus a 
partir de mesures de diffusion [15-17] peuvent 
ainsi etre resumes: 

V* 2 * = 2,3 * i° I3ex p( tr~)’ 

( 0,92\ 

Vd 2 ^ ex p("itrj 

%Mn-= 6 ’ 310 ,,ex p(-ir)- 

Les vaieurs de l’energie et du facteur pre- 
exponentiel sont sensiblement modifiees 
lorsqu’on passe d’une impurete a 1’autre. 

On fait la constatation inverse a partir des 
mesures obtenues par relaxation dielectrique 
(voir Tableau 1). 

On peut expliquer les differences obtenues 
entre les deux series de resultats en admettant 
que par diffusion, on atteint l’echange direct 
lacune-impurete. On con^oit en effet que ce 
soit la frequence de saut relatif a l’echange 
direct qui puisse etre considerablement 
modifiee lorsque l’ion divalent change ((’inter¬ 
action a courte distance entre I’ion divalent 
et les six ions Cl* qui l’entrourent joue en 
effet un role preponderant dans le mecanisme 
d’echange direct). On con$oit parallelement 
que le saut de la lacune autour de l’impurete 
ne soit affecte qu’au ‘second ordre’ par le 
changement d’impurete, surtout si ces im¬ 
puretes sont de rayons voisins 

(/? CaJ+ = 0,99 A; R Mnt+ = 0,80 A; 

R C(fl+ = 0,97 A). 

Dans ces conditions, nous pensons que la 
polarisation haute frequence mise en Evidence 
pour Ca 2+ , Cd 2+ et Mn 2+ est due k la relaxa¬ 
tion des premiers voisins (et plus particuliere- 
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ment k l’6change entre premiers voisins) et 
que les grandeurs respectives de w,, et iv 10 
sont celles schematis6es sur la Fig. 3(a). 

On admet gineralement que l’echange 
lacune-impurete ne peut devenir preponderant 
que si le rayon de I’impuret£ est suffisamment 
petit devant I’ion substitue et on justifie 
cette hypothese k partir des considerations 
suivantes: l’energie mise enjeu pour l’echange 
Z 2+ +* | Wa + 1 es t plus grande que pour 
I’echange 1 Na^ I z* Na + ; l’ion Z 2+ ayant 
une charge de plus que l’ion Na + , la barriere 
de potentiel a franchir est plus grande, du 
fait de (’augmentation des forces de repul¬ 
sion a courte distance avec les six ions Cl“ 
qui l’entourent; lorsque le rayon de l’ion Z 2+ 
est petit (devant celui de l’ion Na + ) ces forces 
deviennent inferieures a celles qui exister- 
aient pour un ion Na + dans la meme position. 

Pour traiter le cas de Mg 2+ , nous ferons au 
prealable deux remarques: 

Le terme d’energie trouve par relaxation 
di£)ectrique varie peu lorsqu’on passe de 
Ca 2+ (R = 0,99 A) a Mg 1 ” (/? = 0,68 A) bien 
que le rayon de Mg 2+ commence a etre assez 
different de celui de Na + (0,95 A). 

L’energie trouv6e par diffusion decroit tres 
rapidement quand on change l’ion divalent. 
Cette energie passe de 0,96 eV pour Ca 2+ it 
0,71 eV pour Mn 2+ , pour atteindre 0,46 eV 
pour Zn 2+ (Chemla[18]). 

Compte tenu de la grandeur de /? Mfi 2+ on est 
en droit de penser, en examinant le diagramme 
des energies de la Fig. 2, que l’energie 
d’echange lacune-impurete sera plus faible 
que celle relative au saut p-v -* p-v, auquel 
cas on comprend mal que ce soit la valeur 
de l’energie obtenue par relaxation dielec- 
trique qui soit la plus elevee, a condition, 
bien entendu, que les facteurs preexponen- 
tiels dans l'expression de h< i() et w> u aient des 
valeurs peu differentes. 

On peut essayer de donner une reponse en 
examinant les resultats obtenus par Bucci[7] 
sur NaCl dop6 par Be 2+ . /?Be 2+ (0,31 A) 
etant tres petit devant /? Na 2+ , la possibility 
d’6change direct peut devenir grande. Bucci 



Fig. 2. Variation de l^nergie de rotation de la lacune et 
de T£nergie d'echange lacune-impuret6 dans NaCl dop6 
obtenues par: Diffusion: ■ (18); □ (15)( 16); • (17), 
Relaxation d&ectrique: 0(+);A (7). 

trouve, par la methode TCZ>, deux pics; 

Pic BT\ frequence de relaxation 

/»“2 10* exp (-^) 
Pic HT\ frequence de relaxation 

/ 2 = 6,5 10' 2 exp(-|£). 

11 trouve bien comme nous, un pic BT 
superieur en amplitude au pic HT. II est 
vraisemblable que dans ce cas, le pic BT est 
attribuabie a lechange lacune-impuretd; 
c’est tout au moins la conclusion que 1’on 
peut formuler, si Ton admet, comme nous 
l'avons dej& fait, le processus d’identification 
suivant: des deux frequences de saut w n et 
tv 10 , c’est la demifere qui peut etre la plus 
modifiee, lorsqu’on change d’impurete. En 
effet le facteur preexponentiel est 10 4 a 10* 
fois plus faible qu’il ne 1’etait dans le cas de 
Ca 2+ ou Mn 2+ ; quant k 1’energie elle est 
devenue faible (0,26 eV au lieu de 0,96 et 
0,71 eV pour Ca 2+ et Mn 2+ ). Et paralt&le- 
ment, pour I'autre frequence de relaxation 
(qui ne concerne pas un saut faisant inter- 
venir directement l’ion Be 2+ ) le facteur 
preexponentiel reste de l’ordre de ceux 
obtenus pour des ions plus gros. 
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On voit done qu’en ce qui conceme la 
frequence de relaxation des premiers voisins, 
le terme correspondant au saut d’energie le 
plus £lev6 peut tout de m£me etre preponder¬ 
ant si l’on tient compte du fait que le facteur 
preexponentiel, dans l’expression de la fre¬ 
quence d’6change direct, peut etre tres 
foible. C’est certainement le cas lorsque 
l’impurete est Mg* + ; les grandeurs respec- 
tives de w n et w, 0 sont probablement celles 
schematisees sur la Fig. 3(b) pour Mg 2+ et 
sur la Fig. 3(c) pour Be 2+ . 

On peut done dire que dans NaCl, pour des 
ions de substitution allant de Ca 2+ k Be 2+ , ce 
phenomene de relaxation haute frequence est 
attribuable k la rotation de la lacune autour de 
l’impurete (k l’exception de Be 2+ pour lequel 
Tdchange direct est preponderant) et que la 
barriere d’energie correspondante diminue 
progressivement lorsqu'on passe de Ca 2+ a 
Mg 2+ (cette variation est neanmoins peu 
importante: ecart maximum 0,07 eV). 

(4.2) Pic haute temperature 

Lors de l’identification des phenomenes 
de relaxation, nous avons ete conduits a 
attribuer cette polarisation basse frequence ou 
haute temperature (P H t) aux lacunes en 
position de s-v et t-v simultanement. Son 
importance par rapport k la polarisation basse 
temperature (P B t) s’exprime par le rapport Q 
(voir Annexe 2): 

Q = Pht/Pbt ^ -b 


Si on appelle E, renergie d’association du 
complexe, la lacune etant en position de n ha * 
voisin (soit & une distance aV2n de l’im- 
purete), Q s’ecrit: 

Q « exp — (Ej — E t )lkT+6 exp — (Ei— E t )jkT. 

L’importance de cette polarisation basse 
temperature rend done compte de la fa$on 
dont renergie d’association du complexe 
diminue lorsque la lacune est dans des sites de 
plus en plus eioign6s de l’impurete et par la 
meme de la population de ces differents sites. 

Les courbes d’energie d’association re¬ 
presentees sur la Fig. 4 vont nous permettre 
d’illustrer ce propos. La courbe a, relative a 
renergie d’association du complexe lacune- 
impurete dans NaCl dope par Mn 2+ , est 
obtenue par Franklin, de la fa$on suivante: 
il suppose que lorsque l’impurete et la lacune 
sont suffisamment eioignees, renergie 
dissociation du complexe peut etre obtenue 
avec une bonne approximation a partir de 
l’energie coulombienne (courbe b) de deux 
charges de signes opposes, distantes de d et 
plongees dans un milieu de permittivite € 
(ici celle de NaCl). II adopte ensuite un 
lissage consistant a faire passer une courbe 
par les points experimentaux E x et E 2 (ce 
sont les energies d’association deduites du 
travail de Watkins), laquelle rejoint la courbe 
b au niveau du 5° voisin. 

On se rend compte d’apres ces^pourbes que 
les differences — £ 2 et £, — £ 3 seront 
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Fig. 4. Diagrammes d’^nergie dissociation (a): d’aprfcs 
Franklin [9] dans le cas de NaCl dop£ par Mn* + ; O: 
points obtenus k partir des rtsultats de Watkins [19], 
(b): dnergie dissociation coulombienne; +: points cal¬ 
culus. 

d’autant plus faibles que E x sera faible, ce qui 
favorisera 1 ’importance du pic haute tempera¬ 
ture. 

On peut alors essayer de relier nos resul- 
tats a ceux obtenus a partir de mesures de 
diffusion ou de conductivity. En effet pour 
analyser celles-ci, on est amene k definir une 
enthalpie dissociation, qui, dans un modele 
de siihple association n’est autre que E x (on 
considere par simplification que la lacune peut 
occuper deux etats: associee ou libre). 

L’enthalpie dissociation, determin 6 e a 
partir de mesures de diffusion par Banasevich 
et ses collaborateurs[15,16], est de 0,67 eV 
pour le complexe I Na+ I Ca 2+ ; cette valeur 
est trds proche de linergie dissociation 
coulombienne (0,65 eV); dans ces conditions, 
l’energie de liaison de la lacune decroit tres 
rapidement lorsque celle-ci passe de la 
position de p-v a celle de s-v, puis a celle 
de t-v, 

II s'ensuit qu'aux temperatures oh nous 
opdrons et 6 tant donn 6 les differences E, — E s 
et E, - E s (Fig. 4(b)), les rapports w lt lw ai et 
sont < 1 ; ce qui est parfaitement 


coherent avec le fait qu’on n’observe pas de 
pic haute temperature. 

En ce qui conceme Mn s+ , les mesures de 
Banasevitch et ses collaborateurs indiquent 
que l ’enthalpie dissociation du complexe 
1 Na 4- ! Mn* + est de 0,7 eV. Cette valeur 
apparait trap eiev 6 e, etant donne qu’elle 
conduirait k ne pas observer de contribution 
haute temperature comme dans le cas de 
Ca i+ . La valeur de 0,41 eV determin 6 e par 
Watkins [ 19] apparait plus valable. 

En ce qui conceme Mg a+ et Cd s+ , 1’enthalpie 
dissociation devrait etre du meme ordre que 
pour Mn 2+ ; c’est ce que confirment d’ailleurs 
Brown et Hoodless [20] en tout cas pour Cd* + . 

Dans le cas de Co !+ , Sr s+ et Be* + [4,5,7] 
rimportance de la polarisation haute tempera¬ 
ture est plus grande que pour les impuretls 
consid 6 rees jusqu’ici. 

11 semble done que seulement dans le cas 
de Ca 2+ la lacune soit tr&s fortement associee 
a l’impurete. 

II est possible de degager une autre con¬ 
clusion: la contribution HT k la polarisation 
totale tendant k se difF 6 rencier de la contri¬ 
bution BT lorsque le rayon de l’impurete 
diminue, la difference entre les energies E m , 
E 3 J, £*i et £„ tend k s’accroitre (on designe 
par E u la bantere dinergie s’opposant au 
saut du site / vers le site/). 

5. CONCLUSION 

Nous avons propose un modele qui permet 
d’expliquer d’une part nos resultats relatifs 
k NaCl dope par Ca 2+ , Cd 2+ , Mn !+ et Mg* + 
d’autre part, ceux (obtenus par d’autres 
auteurs sur NaCl dop 6 par Be 2+ , Co* + , Sr* + ) 
qui n’etaient pas interpretables k partir du 
module de Dreyfus, 

Nous pensons avoir montre que: 

Le phdnomene de relaxation principal est 
dti £ la rotation de la lacune en position de 
premier voisin (position de la majority des 
lacunes); de tous les sauts possibles, c’est 
bien celui entre premiers voisins qui est le 
plus probable sauf dans le cas de Be 2 * et non 
pas le saut second voisin premier voisin 



2708 


P. DANSAS 


comme le suppose Dreyfus pour un certain 
nombre d’impuretSs (Ca 2+ , Cd 2+ , Mn 2+ ). 

Le ph£nomene de relaxation situ6 en plus 
haute temperature rend compte de l’influence 
des lacunes en position de second et trois- 
i$me voisin simultanement. 

Dans le cas oil l’impurete est Ca 2+ (dont le 
rayon est trfcs voisin de celui de Na + ), ou 
le reseau est le moins deforme, l’energie 
de liaison de la lacune decroit trfcs vite 
lorsqu’on s’eloigne de l’impurete, si bien que 
l’influence des lacunes occupant des sites 
plus eloignes que ceux de premiers voisins 
peut etre negligee. Pour les autres impuretes 
les distorsions locales du reseau autour de 
l’impurete sont plus importantes, ce qui 
semble se traduire par une decroissance 
moins rapide de I’energie de liaison. Toute- 
fois, ces modifications ne sont pas suffisam- 
ment importantes pour que la majorite des 
lacunes occupe une position de second voisin 
lorsque la taille de l’impurete devient assez 
faible devant celle de I’ion substitue; il n’y 
aurait done pas. comme le suppose Dreyfus, 
une inversion de population entre les sites 
de premier et second voisins lorsqu’on passe 
d’impuretes de grande taille a des impuretes 
de petite taille. 

La consideration de la seule variation du 
rayon de l’impurete ne peut permettre de 
rendre compte de celles des grandeurs carac- 
t^risant les phenomenes de polarisation 
observee (en particular l’importance du 
ph6nomene de relaxation haute temperature 
ne varie pas d’une facon reguliere avec le 
rayon de l’impurete). 

Dans le cas de NaCl dope par Sr 24 (R sr 2+ > 
/? Na + ) Bucci[4] met aussi en evidence une 
polarisation basse frequence non n6gligeable 
devant la polarisation haute frequence pre- 
ponderante. On voit done que lorsque la 
taille de l’impurete est differente de celle de 
l’ion substitue (situation dans laquelle le 
reseau es|.*gJocaiement plus deforme), le 
nombre cfcVlacunes dans des positions plus 
eloignees que celles de p-v est plus grand.""*- 

Nous ferons, pour terminer, une remarque 


concemant les resultats publics sur NaCl 
dope par Co 2+ , par Jain et Lai [6] et par 
Capelletti [5], 

Jain et Lai observent, pour des tempera¬ 
tures superieures a 370°K, une polarisation 
basse frequence superieure a la polarisation 
haute frequence. L’extrapolation a basse 
temperature de l’hypothese adoptee par eux 
(et d’apres le module de Dreyfus) suivant 
laquelle le site de second voisin est le plus 
stable, doit conduire & observer vers 200°K 
une polarisation basse frequence preponder- 
ante. Or, autour de 200°K, Capelletti [5] 
observe par la methode TCD, un pic basse 
temperature (haute frequence) d’amplitude 
superieure a celle du pic haute temperature 
(basse frequence). Ces deux resultats experi- 
mentaux ne sont pas incompatibles si on les 
interprete dans le cadre du modele a trois 
couches tel que nous l’avons propose. Le 
rapport Q peut en effet devenir < 1 quand la 
temperature croit, principalement a cause de 
l’augmentation de w 13 lw 31 . Cet exemple 
montre bien qu’il est toujours souhaitable 
de considerer un nombre assez important de 
couches d’occupation pour la lacune. a 
fortiori lorsqu’on suppose en m£me temps 
que la majorite d’entre elles est en position 
de s-v. 

Nous pensons done que le modele a trois 
couches, tel que nous l’avons presente, est 
valable, d’une fa$on generate, pour NaCl 
dope par des impuretes divalentes, mais 
seulement pour NaCl. II faudrait en effet 
reconsiderer les grandeurs respectives des 
frequences de saut dans le cas de NaF dope 
[8] par exemple, pour lequel on sait qu’au 
moins dans le cas de Mn 2+ , la majority des 
lacunes est en position de s-v. 

ANNEXE 1 

Considerons par exemple p sites notes 
1 ,..., p et supposons que les ^changes a 
partir d’un site puissent se faire avec les 
(p—1) autres sites. Appelons k {j les fre¬ 
quences de saut du site i vers le sit sj. 

Si on appelle la population du site /, 
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celle A/, du site notE 1 s’Ecrit: 



-‘ • + kip)N% + kuN a + • • • 


+ kpiNp. 


On peut de la meme manure ecrire les 
(p — 1) equations difFErentielles restantes et 
les frequences de relaxation seront donnees 
par les valeurs propres de la matrice M du 
systeme differentiel. 

Telle est la fagon dont on peut faire le calcul 
d’une fagon generale. 

Si maintenant on veut effectuer celui des 
modes de relaxation dans le cas de trois 
couches d’occupation pour la lacune autour 
de I’impurete, il faudra en principe con- 
siderer 42 sites. 

En fait comme l’indique le Tableau 2, un 
certain nombre d’entre eux sont equivalents: 
le champ Etant applique suivant Oz il suffit de 
considerer la population d’un site de chaque 
categorie dans des plans perpendiculaires a 
Oz. 

En utilisant les notations du Tableau 2. 
on a par raison de symetrie: 


dA/ fi dN 5 d(A/ t + /V 10 ) . d(N 2 + A/„) 

dr df dr dr 


’d(N 3 + N B ) _ d(N 4 + N 7 ) 
dr dr 


il suffira done de considerer le systeme: 


ji 

dr 


Nt-Nt o 

N 2 -N u 

N 3 -N a 

N<-N 7 


= (A)x 


Nt-Nu 

A U-N, 
N 3 -N b 

n<-n 7 


-4w 2 , 

0 

0 

-2(W3J + W 33 ) 

w ’21 

2w , si 

0 

W 33 


On ne retrouve pas exactement la matrice 
donnEe par Franklin [9], pour la raison suiv- 
ante: il ne peut y avoir comme le suppose 
implicitement l’auteur, d’Echanges supplE- 
mentaires dOs au champ dans un plan per- 
pendiculaire a celui-ci, meme entre sites non 
energetiquement Equivalents. 

ANNEXE 2 

D’apres les approximations faites au para- 
graphe (2.3), les quatre frequences de relaxa¬ 
tion ont pour expressions: 

A) — 2w 0 ; Kj — 4 w 2J ; =■* 2w3j - , 

A< W 31 + w at- 


Les populations instantanEes des diffErents 
sites s’ecrivent: 

N 1.10 = « 0 ±2 n,e~ k,u , 

t 

(V 2i9 = mo±2 m,e~ AW (f» 1,...,4) 

/V 3 .8 = Po±2 Pi e Xit ; 

i 

N 4 .,-<h + 2 q l C' K>t (i=l .4). 

( 

Si I’on neglige les Echanges t-v t-v, la 
population relative au i 4mc mode de relaxation 
s’exprime par: 

Pi — Seapi + 1 6eam, + 4 ean t (r = 1,2,3) 

P 4 - 16 eaq 4 (e: charge de l'electron). 

Si toutes les frequences de relaxation 
avaient des valeurs tres difFErentes, il serait 
interessant de calculer tous les m u p f 
(existence d’un mode dominant pour chaque 
site). 

Nous nous sommes bomEs it montrer que: 
bil ^ |n,|,|rn,| etpi >p 2 +p 3 
4 h>, 2 0 

2h> 13 2^ 

2(^0+^,3 + ^, 3 ) 0 

0 — (W ’ 33 + >V, 3 + VVgj) 


avec: 
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si bien que 


pi =* A *= ( eEalkT)N 



(n,: n bn d’impuret6s par unit6 de volume; E: 
champ 61ectrique). On trouve, dans ces 
conditions: 

Pi « SeaA; P t + P 3 « 32eaA ^ + 8eaA 

w 3i 

P t - 16 eaA 

Wil 

L’importance de la polarisation relative aux 
lacunes en position de s-v et t-v par rapport a 
cells attribuable aux lacunes en position de 
p-v peut alors etre mesuree par le rapport: 

(P 2 + P 3 + P 4 )IP l = ^ + 6^ 

W’ji w 3l 
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Abstract-The angular correlation of radiation from positrons annihilating in /3' CuZn single crystals 
has been measured. The crystals were oriented in the (100), (110) and (111) directions and the mea¬ 
surements yield information intimately related to the areas of slices through the Fermi surface normal 
to these directions. These cross sections were obtained from a theoretical calculation by Taylor using 
results of de Haas-van Alphen measurements for 0' CuZn. The experimental data are directly com¬ 
pared with these calculated values. We find a remarkable good agreement between theory and experi¬ 
ment and most of the anisotropy in the electron momentum distribution can be ascribed to the topology 
of the Fermi surface. 


1. INTRODUCTION 

It is very well known that the usual solid state 
techniques used in determining the topology 
of Fermi surfaces are restricted to pure metals, 
very dilute alloy systems and alloys which 
possess a long range order. Therefore most of 
the theory of the electronic structure of alloys 
remains to be tested in more detail. 

Positron annihilation experiments yield 
directly the density of electrons in k- space and 
the results are approximately independent of 
the electron mean free path. Thus it can be 
used to examine the electron structure of 
alloys, which because of electron scattering 
cannot be examined by the more usual trans¬ 
port techniques. It is therefore of great im¬ 
portance to understand and to investigate the 
extent to which positron annihilation experi¬ 
ments are directly relevant to the topology of 
the Fermi surface in metal alloys. 


*Work supported by the National Research Council 
of Canada. 

fNew Address: Institut furFestkorperforschung, KFA 
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For a number of years, positron angular 
correlation experiments have been used to 
obtain information about the shape of the 
Fermi surface of pure metals. The possibility 
of measuring momentum anisotropies in 
oriented single crystals has first been shown 
by Berko and Plaskett for copper and alumin¬ 
um [1]. Measurements on other metals have 
been reported by several authors [2-7]. In 
this paper we present observations on single 
crystals of /3' brass in order to examine how 
well this technique can be used for the deter¬ 
mination of electron states in alloys and to 
what extent the results can be analyzed direct¬ 
ly in .terms of cross-sectional areas of the 
Fermi surface. We chose ordered /S' brass 
as a ‘test alloy’ because the Fermi surface of 
this material is very well known from de 
Haas-van Alphen measurements and from 
studies of the high field magneto-resistance 
[8,9]. The /S' phase of this alloy is ordered 
forming the CsCl structure and contains 
approximately equal numbers of each con¬ 
stituent material. A preliminary account of 
this work has already been given [10]. 
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2. PHOTON MOMENTUM DISTRIBUTION 

The technique of using positron annihilation 
to obtain the momentum distribution of elec¬ 
trons has often been described! 11]. If the 
annihilating electron is in the state fa the 
probability that a pair of photons will be emit¬ 
ted with momentum ftk is proportional to [12] 


pOO-Z 


/ fa(r)fa>(r) e - * -r d®r 


( 1 ) 


where fa is the positron wave function and the 
summation extends over all occupied states in 
k-space. The coincidence counting rate mea¬ 
sured by the conventional long-slit apparatus 
is proportional to 

00 DC 

N(k,) = / / p(k)d*,d* # (2) 

— 00 — 00 

In the lowest approximation of free electrons 
and a positron in its lowest energy state, N(k z ) 
is directly proportional to the cross-sectional 
areas of the Fermi surface in the extended 
zone scheme. For a less simplified situation, 
the importance and influence of the positron 
wave function, the higher momentum com¬ 
ponents of the electron wave functions and the 


core electrons has been discussed already 
earlier[4,12]. 

3. EXPERIMENTAL ARRANGEMENT 
In the experimental arrangement we used a 
long-slit geometry with 30 cm long Nai(Tl) 
detectors, the slits subtending 0-325 mrad at 
the specimen. Figure 1 shows the schematic 
of the experimental setup. The /3' CuZn 
single crystal had been oriented by X-rays and 
was afterwards spark cut to rectangular pieces 
of 6x6x12 mm keeping the accuracy of the 
orientation within one half of a degree. After 
cutting, the surface of the specimens was care¬ 
fully etched to remove possible distortions 
due to spark machining. The experiments were 
performed with the samples at 78°K in order 
to reduce the thermal motions of the posi¬ 
trons and its broadening influence on the in¬ 
strumental resolution[13] The finite resolu¬ 
tion due to the positron motion can be 
approximated by 

5^f) <3 > 

where k+ is the positron wave number, m* the 
effective mass of the positron and k B the Boltz¬ 
mann constant. Since @ 2 = hkjmc one can 



v J. Schematic experimental arrangement using a long-slit geometry. The 
maximal cross sections of a spherical Fermi surface are indicated. 
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write equation (3) in the form 

Am-n (-» 

taking an average value of 1 5m e for the effec¬ 
tive mass. For T — 78°K we obtain a full width 
at half maximum (FWHM) of 0-33 mrad for 
the positron motion alone. In the experi¬ 
ment, however, one has to take into account 
also a triangular resolution function deter¬ 
mined by the geometry of the apparatus, es¬ 
pecially by the slit width. 

C(0.)-ff(l-|J (5) 

where |0 t | « @ 0 and H being determined by 
choosing the condition that the areas of the 
two resolution functions are equal. Thus the 
total (phenomenological) resolution function 
is the convolution of G(<-)*) with (“) 0 = 0-325 
mrad and /4(0J, which is a pure mathematical 
procedure and therefore is not shown here in 
detail. It results in a new function with FWHM 
of 0-46 mrad. As a positron source we used 
about 180 mCi of 58 Co deposited electrolyti- 
cally onto a very thin copper foil. Through 
annealing afterwards, most of the radioactive 
material diffused into the copper. The foil 
was sealed by a 0-005 mm-thick nickel window 
to avoid possible contamination [14]. The 
coincidence counts were collected automati¬ 
cally and corrected for source decay and acci¬ 
dental coincidence background. The coinci¬ 
dence resolving time of the electronic device 
was 80 nsec. 

4. RESULTS AND DISCUSSION 
The results of the measurements are shown 
in Fig. 2. The three curves represent the 
angular distributions for the (100), (110) and 
(111) directions (k t was parallel to these 
directions) normalized to equal areas. The 
lines represent the best visual fit through the 
data points. The statistical accuracy at the 


peak was about ±0*65 per cent. In the region 
from 0 to about 6 mrad there are marked dif¬ 
ferences in the angular distributions and all 
clearly differ from an ideal parabolic distribu¬ 
tion. In the higher momentum tail of the angu¬ 
lar distribution, the 1 differences in the three 



Fig. 2. Experimental angular correlation curves for (100), 
(110) and (111) directions in /3' CuZn at liquid nitrogen 
temperature. The chemical composition of this alloy was 
(5t-24±0-06)% Cu and (48-74±0-06)% Zn. k z was 
parallel to these crystallographic directions. The three 
curves are normalized to equal areas. The statistical 
accuracy of the data points at the peak is 0-65 per cent. 
The lines represent the best visual fit through the data 
points. 

curves are almost completely smoothed out. 
As regards to the tail of the angular cor¬ 
relation curves, i.e. the absence of a sharp 
cutoff at the Fermi momentum, this is partly 
due to zone boundary effects, but mostly due 
to annihilations with the ion core electrons in 
high momentum events. The special role of 
the 3 d electrons of the Cu atom is known to 
survive in the alloy, making the band structure 
of the /3' CuZn similar to that of pure Cu 
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which is not free-electron like [1], However 
the d-band of the alloy is only half as wide as 
the d-band of pure Cu and it lies farther below 
the position of the Fermi level than in pure Cu 
because of the larger electron-atom ratio and 
hence the larger Fermi energy of the alloy. 
Consequently the hybridization of the free- 
electron-like sp-bands near the Fermi level 
with the tight-binding (/-band is much weaker 
in the alloy than in pure Cu. In addition, the 
positron is excluded from the inner core 
region by its coulomb repulsion by the posi¬ 
tively charged nucleus. Therefore it is a good 
approximation that primarily the 3(/-electrons 
contribute to the high momentum annihilations. 

In order to evaluate the part of the angular 
correlation curve due to conduction electrons, 
we subtracted the higher momentum tail from 
The angular distribution by fitting a Gaussian 
function in the region from about 7 mrad to 
14 mrad (see Fig. 2). The fitting was done for 
the measured (100) distribution and the same 
curve was then subtracted from the measured 
data of all three distributions. The resultant 
data points are shown in Fig. 3 together with a 
solid line drawn through the points. This line 
results from the values given in Table 1 after 
being corrected for the total resolution of our 
system. The convolution integral was per¬ 
formed numerically. The numbers in Table 1 
are calculated geometrical cross-sectional 
areas of the Fermi surface of /S' CuZn along 
the (100), (110) and (111) directions. The ex¬ 
pression for the Fermi surface was obtained 
through calculations by Taylor, who fitted the 
results from de Haas-van Alphen measure¬ 
ments to a six parameter description of the 
Fermi surface of $' CuZn using non-local 
pseudo-potentials. The comparison of the 
calculated curves with the experimental data 
indicates that the overall shape of the angular 
distribution stems principally from the top¬ 
ology of the Fermi surface. The (110) necks 
and the (111) holes, lying at different positions 
for each of the three orientations, are almost 
entirely responsible for the structure in these 


Table 1. Theoretical geometric 
cross-sectional areas of the Fermi 
surface of /3' CuZn normal to the 
(100), (110) and (111) directions 
as obtained through calculations by 
Taylor[ 15]. The Fermi surface was 
confined to the first two zones. The 
areas are given in units of (Inlay* 
with the lattice constant a = 2-945 A. 


Momentum Cross section of 0' CuZn Fermi 
k z in units Surface in \J nits of 


of (2irla) 

(100) 

(2ir la? 
(110) 

on) 

0 

1*5477 

1*5773 

1*5978 

0025 

1*5470 

1*5776 

1*5967 

0-050 

1-5398 

1*5711 

1*5888 

0075 

1*5350 

1*5592 

1*5778 

010 

1*5231 

1*5454 

1*5747 

0*125 

1*5079 

1*5336 

1*5781 

0-15 

1*4886 

1*5310 

1 5831 

0175 

1*4649 

1*5117 

1*5744 

0*20 

1*4326 

1*4839 

1*5290 

0-225 

1*3975 

1-4496 

1*4712 

0*25 

1*3388 

1*3978 

1*3753 

0*275 

1 *2955 

1*3465 

1-2981 

0*30 

1*2721 

1*2933 

1*2337 

0-325 

1*2633 

1*2403 

1*1714 

0*35 

1 *2435 

1*1863 

1*1125 

0*375 

1*2079 

1*1280 

1 *0572 

0*40 

1*1626 

1*0678 

1*0073 

0*425 

1*1081 

1*0012 

0*9660 

0*45 

1*0443 

0*9306 

0*9247 

0*475 

0*9714 

0*8637 

0*8641 

0*50 

0*8512 

0*8013 

0*7942 

0*525 

0*7289 

0*7348 

0*7182 

0-55 

0*6526 

0*6305 

0*6364 

0*575 

0*5670 

0*4955 

0*5508 

0*60 

0*4774 

0*3988 

0*4615 

0*625 

0*3732 

0*3183 

0*3717 

0*65 

0*2116 

0*2540 

0*2749 

0*675 

0 

0*2080 

0*1606 

0*70 


0*1863 

0*0902 

0*725 


0 

0*0507 

0*75 



0*0093 

0*775 



0 


curves. More details, however, are exhibited 
by the first derivative of these angular correla¬ 
tion curves. From the corrected experimental 
data of Fig. 3, the derivative was calculated 
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by taking the difference of adjacent points. 
The same procedure was applied to the calcu¬ 
lated values. The results are shown in Fig. 
4 where again values from the cross-sectional 
areas are represented by the solid drawn lines. 
As seen, these theoretical curves agree re¬ 
markably well with the experiment but they 


electron wave function, including the influence 
of the nearlyfree-electron theory {1,16], and 
many-body-correlation effects, leading to a 
^-dependent annihilation probability [17,18]. 
In spite of these small discrepancies the results 
show clearly that the positron annihilation 
technique can be used to yield information 



MOMENTUM IN UNITS OF 1<r 3 mc 


Fig. 3. Experimental data of (100), (110) and (111) directions after subtraction of the contribution 
due to annihilations with core electrons. In the free-electron approximation the Fermi level of this 
alloy is at 5*83 x 10" 3 mc. The solid lines through the data points are from the values given in 
Table 1 after correction for the total resolution of the apparatus. 


also exhibit some differences in certain 
regions. The burden of accounting for these 
small differences falls on the effects not con¬ 
sidered in the approximation used in equation 
(1), e.g. anisotropy of the ground state posi¬ 
tron wave function, more accurate considera¬ 
tion of higher momentum components of the 


about the Fermi surface of alloys. However, 
higher accuracy in the experimental data as 
well as in the theoretical calculations, es¬ 
pecially in anisotropy and manybody effects, 
is necessary to account for the fine details 
present in the electron momentum distribu¬ 
tions. 
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£-CuZn 



Fig. 4. Electron momentum distribution in (S' CuZn. These data points are obtained from 
Fig. 3 by taking the difference of adjacent points. The theoretical difference curves are ob¬ 
tained from the values of Table 1 after being corrected for resolution as discussed in the text. 


REFERENCES 

1. BERKO S. and PLASKETT J. S.. Phvs. Rev. 112, 
1877(1958). 

2. STEWART A T., SH AND J. B., DON AGH Y J . J. 
and KUSMISS J. H., Phys. Rev. 128, 118 (1962). 

3. BERKO S., Phys. Rev. 128, 2166 (1962). 

4. DON AGH Y J. J. and STEWART A. T., Phvs, Rev . 
164,396(1967). 

5. DEKHTYAR YA. and M1KHALENKOV V. S., 
Dokl. Akad, Nauk SSSR 136, 63 (1961) Doki Akad. 
NaukSSSR 140, 1293(1961). 

6. WILLIAMS R. W., LOUCKS T. L. and MACKIN¬ 
TOSH A. R., Phys. Rev. Lett. 16, 168 (1966). 

7. LOUCKS T. L., Phys. Rev. 144, 504 (1966). 

8. JAN J. P„ PEARSON W. B. and SAITO Y., Proc. 
R. Soc. London A297, 275 (1967). 

9. SELLMYER D. J., AHN J. and JAN J. P., Phys. 
Rev. 161,618(1967). 

10. TRIFTSHAUSER W. and STEWART A. T., 


Proceedings Electronic Density of Stales . National 
Bureau of Standards, Washington D.C. (1969). 

11. See Positron Annihilation (Edited by A. T. Stewart 
and L. O. Roellig) Academic Press, New York (1967) 

12. DE BENEDETTI S., COWAN C. E., KON 
NECKER W. R. and PRIMAKOFF H.. Phvs. Rev. 
77, 205(1950). 

13. STEWART A. T., SHAND J. B. and KIM S. M . 
Proc . R . Soc. London 88. 1001 (1966). 

14. The radioactive source was supplied by the Inter¬ 
national Chemical and Nuclear Corporation. 

15. TAYLOR R., Proc. R. Soc. London A312. 495 
(1969). 

16. MOTT N. F. and JONES H., Properties of Metals 
and Alloys, Clarendon Press, Oxford (1936). 

17. KAHANA S., Phys. Rev. 117, 123 (1960) and CAR 
BOTTE J. and KAHANA S., Phys. Rev. 139, 213 
(1965). 

18. CARBOTTE J-.P/rys. Per. 155, 197 (1967). 




J.Phys. Chem. Solids. 1971, Vol. 32, pp. 2717-2722. Pergamon Press, Printed in Great Britain 


POSITRON ANNIHILATION ANGULAR 
CORRELATION MEASUREMENTS IN DISORDERED 
SYSTEMS: a BRASS* 
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Abstract— We performed angular correlation measurements of positrons annihilating in aCuZn single 
crystals. The orientation of the specimens was parallel to the (100), (110) and (111) directions. The 
results are compared with a model calculation for the Fermi surface of this alloy, assuming that 
every Zn atom adds two electrons to the total number of conduction electrons. The cross-sectional 
areas normal to the (100), (110) and (111) axes of the Fermi surface constructed in this way are com¬ 
pared with the experimental data. According to the evidence and conclusions in Ref. [1], we interpret 
the experimental results in terms of the topology of the Fermi surface. For a 77-796 Cu 22-3% Zn 
concentration alloy we find a radius for the necks along the (111) directions of 0-27 ± 0-02 in units of 
the Fermi momentum. 


1. INTRODUCTION 

In previous papers it has been shown that 
the positron annihilation technique, if applied 
with sufficient angular resolution, can reveal 
important information about the topology of 
the Fermi surface (F.S.) of pure metals and 
ordered and disordered alloys [1,2]. The 
method is especially useful in the case of 
disordered alloy systems for studies of 
anisotropies of Fermi surfaces. For pure Cu 
it is known that the F.S. makes contact with 
the (111) Brillouin zone boundaries. In alloy¬ 
ing other metals to copper one expects 
changes in the Fermi surface and particu¬ 
larly in the size of the necks, and positron 
angular correlation experiments should pro¬ 
vide information about these changes. Other 
methods[3] of studying these changes are re¬ 
stricted to concentrations of about 0-1 per 
cent or less, but the positron annihilation 
technique imposes no such restrictions. In 
this paper we present results of measurements 
on single crystals of «CuZn. After having 

•Work supported by the National Research Council of 
Canada. 

tNow at Institut fur Festkorperforschung, KFA Jiilich, 
Germany. 


verified and discussed the advantages as well 
as the limits of this method in the case of /)' 
CuZn[l] where the F.S. was already known, 
we also wanted to explore the technique for a 
case where the Fermi surface is only approxi¬ 
mately known. The a phase in CuZn alloys 
has the fee structure as does pure copper and 
this phase is stable up to about 33% Zn. The 
analysis of the alloy used for the measure¬ 
ments revealed a composition of (77-7 ±0-2)% 
Cu and (22-3+0-2)% Zn. A preliminary re¬ 
port of this work has already been given [4], 

2. THE a CuZn FERMI SURFACE 
The F.S. of pure Cu has been known for 
some time and various methods have been 
applied for its determination [5], In recent 
investigations[2,6] the six parameter descrip¬ 
tion of Roaf[7] for the copper F.S. has been 
used. It is therefore well established that the 
Fermi surface forms eight necks at the (111) 
Brillouin zone boundaries. The radius of the 
necks was determined to 0-201 in units of k F . 
By alloying divalent Zn to the monovalent Cu 
the number of conduction electrons should 
increase according to the rigid-band modeL 
Consequently the F.S. should expand and 


2717 



2718 


W. TR1FTSHAUSER and A. T. STEWART 


therefore also the size of the necks. Under 
these assumptions we have set up a model 
with its basic features shown in Fig. 1. The 
Fermi surface of a CuZn is assumed to con¬ 
sist of a sphere with eight necks superimposed 
along the (ill) axes. The necks intersect the 
zone boundary at right angles and join 
smoothly the rest of the sphere. The total 
volume is normalized to the number of free 
electrons one would anticipate for the above 
copper-zinc concentration. From Fig. 1 
which shows £ of the Fermi surface we obtain 
the following relations: 



where b = 2irla. a is the lattice constant for 
this alloy [8], b is the absolute value of the 
reciprocal lattice vector, MN is the neck 
radius, NO and OT are of equal length, and 
tan = MOIVM. Under these conditions it is 
possible to determine various configurations 
leaving the angle as a parameter in the cal¬ 
culations. A computer program was written to 
map out the F.S. and to obtain cross-sectional 


| ( 111 ) 



Fig. 1. Model of 1 of the proposed Fermi surface of 
oCuZn/The geometrical relations and the basic assump¬ 
tions of the model are discussed in the text. — 


areas normal to the (100), (110) and (111) 
directions as a function of $, limited to the 
first Brillouin zone. 

The calculations were performed in the 
interval from = 15° to <b = 30° in steps of 
one degree [9]. Figure 2 shows the proposed 
F.S. for a CuZn oriented parallel to the (100), 
(110) and (111) axes. Indicated by dashed 
lines is also the first Brillouin zone (truncated 
octahedron). 



I 111 


Fig. 2. Fermi surface of oCuZn for 4> = 20°, oriented 
parallel to the (100), (110) and (111) direction respectively. 
The Fermi surface makes contact with the first Brillouin 
zone, indicated by dashed lines, along the (111) directions. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental arrangement (long-slit 
geometry) as well as the preparation of the 
single crystal specimens of a CuZn was the 
same as described in Ref. [1]. The experi¬ 
ments were performed with the samples at 
78°K. The results of the measurements are 
shown in Fig. 3. The three curves represent 
the angular distributions for the (100), (110) 
and (111) directions normalized to equal 
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Fig. 3. Experimental angular correlation curves for the 
(100), (110) and (111) directions in aCuZn at liquid 
nitrogen temperature. The chemical composition of this 
alloy was (77-7 ±0-2)% Cu and (22-3 =F0-2)% Zn. k, was 
parallel to these crystallographic directions. The three 
curves are normalized to equal areas. The statistical 
accuracy of the data at the peak is 0-67 per cent. The lines 
represent the best visual fit through the data points. 

areas. The data at angles © < 0 are folded 
over onto the data at angles © > 0. The statis¬ 
tical accuracy at © = 0 was about ±0-67 per 
cent. 'As in the case of pure Cu[6] and /3'CuZn 
[1] there are marked differences in the three 
curves here too, especially in the region from 
0 to about 6 mrad. Again there is an appreci¬ 
able number of annihilations with core elec¬ 
trons. It should be noted that the relative 
number of core annihilations in a brass is 
larger than in /S' brass because of the higher 
copper concentration. In order to display 
better the part due to annihilations with con¬ 
duction electrons, the core annihilation con¬ 
tribution was eliminated by the same procedure 
as discussed previously [1], The resultant data 
points after subtraction of annihilations due to 
the ion core electrons are shown in Fig. 4. 
These experimental values are now compared 


with the calculations of Section 2. In Table 1 
are the results of this calculation for <J> = 19 s . 
All calculated values are corrected for the 
total resolution of the experimental arrange- 

Table 1. Calculated cross-sectional areas of 
the model Fermi surface of aCuZn for 
<P= 19 s normal to the (100), (110) and (111) 
directions. The basic assumptions of the 
model are given in Fig. 1 and are discussed in 
the text. The Fermi surface was confined to 
the first Brillouin zone. The areas are given 
in units of (2n!a ) 2 with the lattice constant 
a = 3-666 A [8], 


Cross sections of aCuZn model- 
Fermi surface for 

Momentum k, in <t> = 19 a in units of (2ir/a) f 

units of (2 t rfa) (100) (110) (111) 


0 

2 1552 

2-2807 

2-1551 

0025 

2-1532 

2-2778 

2-1545 

0*05 

2-1473 

2-2698 

2-1534 

0-075 

2-1375 

2-2562 

2-1562 

010 

2*1234 

2-2368 

2*1675 

0125 

21061 

2-2114 

2-1605 

015 

2-0845 

2-1796 

2-1445 

0*175 

2 0590 

2*1402 

2-1221 

0-20 

20295 

2*0903 

2-0944 

0*225 

1*9961 

2 0201 

2-0620 

0-25 

1-9599 

1-9638 

2-0252 

0-275 

1-9229 

1-9176 

1-9843 

0-30 

1-8872 

1-8724 

1-9393 

0-325 

1-8563 

1-8233 

1-8902 

0-35 

1-8519 

1-7703 

1-8368 

0-375 

1-8050 

1-7134 

1-771(9 

0-40 

1-7494 

1-6525 

1-7159 

0-425 

1-6875 

1 -5877 

1-6468 

0-45 

1-6204 

1-5190 

1-5696 

0-475 

1 -5488 

1-4464 

1-4776 

0-50 

1-4730 

1-3693 

1-3849 

0*525 

1*3928 

1-2855 

1-2893 

0-55 

1-3081 

1-1999 

1-2048 

0-575 

1-2180 

1-1092 

1-1165 

0-60 

11206 

1-0837 

1-0242 

0-625 

10121 

0-9947 

0-9280 

0-65 

0*8792 

0-8980 

0*8279 

0-675 

0*7238 

0-7959 

0*7238 

0-70 

0-6158 

0-6894 

0-6158 

0-725 

0-5039 

0-5785 

0*5039 

0-75 

0-3880 

0-4619 

0-3880 

0-775 

0-2683 

0-3347 

0-2683 

0-80 

0-1446 

0-1784 

0*1818 

0-825 

0-0169 

0-0440 

0*1531 

0-85 

0 

0 

0-1412 

0-875 



0 
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MOMENTUM IN UNITS OF 10 ^mc 

Fig, 4. Experimental data of the (100), (110) and (111) directions after subtraction of the contribu¬ 
tion due to annihilations with core electrons. In the free-electron approximation the Fermi level of 
this alloy is at 5 53 x 10~ 3 me. The solid lines through the data points represent the calculated values 
for 4>« 20° after correction for the total resolution of the apparatus. 


ment (0-46 mrad FWHM). The best fit of the 
theoretical values with the experimental data 
for all three orientations was obtained for 
19° < 4> < 21°. The solid lines in Fig. 4 cor¬ 
respond to the cross-sectional areas for 
4> = 20°. The agreement with the experimental 
values is remarkably good More details in the 
structure of the curves are exhibited by look¬ 
ing at the slopes of these curves. That is done 
by taking the difference of adjacent points and 
these results are shown in Fig. 5. The deriva¬ 
tives for the three orientations are clearly 
different from each other and all show devia¬ 
tions from a straight line (spherical F.S.) at 
different yailues of k t . Murray et al.[2] pub¬ 
lished rqlMfr results of positron annihilation 
experime'i^pon various copper alloys. In 
patf^iKar they used a single crystal of com- 
positiaxt78% Cu and 22% Zn, which is almost 
identical to the Cu-Zn concentration we had 


for our experiments. However their measure¬ 
ments were performed only for the (110) 
direction and they observe no marked struc¬ 
ture but a rather smooth distribution. This is in 
contrast to our experimental results. 

We do not understand the discrepancies in 
the two measurements. However, our results 
agree well with the predictions of the rigid- 
band model and also with the Fermi momen¬ 
tum k F to be at 5-53 mrad. Furthermore we 
can deduce from the fairly narrow interval of 
the parameter <J> the radius of the necks to be 
(0-27 ±0-02) in units of k F . This corresponds 
to an angle of about (1 -5 ± 0-1) mrad. The neck 
radius for pure copper is 0-201 in units of 
k F [7). This indicates that in 77-7% Cu and 
22-3% Zn the neck radius is about 35 per cent 
larger than for pure Cu. But considering our 
simple model as well as the validity of the 
rigid-band model at these concentrations we 
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Fig. 5. Electron momentum distribution in aCuZn. These points are obtained from the data 
shown in Fig. 4 by taking the difference of adjacent points. The derivative for the calculated 
values is obtained by the same procedure and is shown as a solid line. 


think that the total uncertainty of the neck 
radius should rather be set to ±0*046/. 
Williams et al. [10] reported only a 30 per cent 
increase in the neck radius when copper was 
alloyed with 30 per cent zinc. Our measure¬ 
ments would predict a much higher value for 
the neck radius increase. However without a 
thorough investigation of the details of their 
experiments it is difficult to explain the 
contradiction. 

4* CONCLUSIONS 

We have shown that the positron annihila¬ 
tion technique can be used to yield informa¬ 
tion about the occupation in 6-space of 
electrons in alloys. The long-slit geometry in 
particular is superior to a crossed-slit system 
[10-12] in cases where the overall shape of 
the Fermi surface is approximately known. 


because of its higher available resolution in 
the z-direction. For all measurements with a 
long-slit apparatus however, a model for the 
Fermi surface has to be set up first. In some 
favorable cases then this model can be 
established by the experiment. Furthermore 
our measurements indicate that with high 
statistical accuracy at good angular resolution 
there is sufficient sensitivity to detect details 
of the Fermi surface of alloy systems. 
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Rdsumd-Des mesures de resistivity a basse temperature sur des alliages diluds de cobalt avec des 
mdtaux de transition des trois series ont permis de prdciser la structure dlectronique du cobalt et des 
impuretds dissoutes dans ce mdtal. 

L'analyse des deviations a la loi de Matthiessen entre 4°K et 77°K d'alliages du type Co Tr (Tr 
Os, Ru, lr, Fe, Re, Cr) permet de sdparer, pour chaque temperature, les diverses contributions & la 
resistivity de la matrice et de ses alliages diluds dans un module a deux bandes coupldes. Les rdsist- 
vitids de chaque sous-bande s (cr 32 f , |) du cobalt pur sont analysdes en termcs de diffusions s-s , 
s-d t dlectrons-dlectrons et dlectrons-magnons. De plus, le terme de mdlange de spin est ddterminc 
d'une fafon quantitative dans un large domaine de tempdrature. 


Abstract - Low temperature resistivity measurements on cobalt-based alloys with transitional elements 
gives informations on the electronical structure as well for pure cobalt as for impurities dissolved in 
the matrix. 

Deviations from Matthiessen’s rule from 4 up to 77°K are analyzed for Co Tr alloys (Tr = Os, 
Ru, lr, Fe, Re, Cr), and the various contributions to the total resistivity, at each temperature, are 
given for the matrix and dilute alloys in a coupled two band model. The resistivity of each sub-band 
* sAc * t, i) are analyzed for pure cobalt in terms of s-s y s~d, electrons-electrons and electrons- 
magnons scattering. Furthermore, the spin-mixing term is quantitatively determined in a wide 
temperature range. 


INTRODUCTION 

Des etudes r^centes ont montr6 que la 
resistivite d’alliages ferromagnetiques dilues 
dc metaux de transition a base de Fer[l], de 
nickel[2,3] et de cobalt[4,5] presente de 
fortes deviations k la loi de Matthiessen a 
basse temperature. Ces resultats s’interpretent 
bien, dans un modeie k deux bandes sugger6 
par Mott [6] ou la conduction est essentielle- 
ment assume par les electrons s et limitee par 


*Equipe de recherche sur la structure eiectronique des 
sotides, aasociee au CNRS n° loo. 


les transitions s-d. Dans un metal ferromag- 
netique, les bandes d a (<r “ f , j) etant 
decades en 6nergie par les interactions 
magn6tiques, les bandes s v ( cr = |, i ) 
presentent des r6sistivit6s p a dependant 
fortement de la direction de spin <r. 

Ce modeie permet d’interpreterle comporte- 
ment de la resistivite residuelle d’alliages 
ferromagnetiques temaires et cela en ne 
faisant aucune hypothec sur la matrice[7]. 
Cependant, les variations de resistivite k 
basse temperature d’alliages binaires ou de 
matrices ferromagnetiques pures ne satisfont 
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pas i ce module, il'est necessaire d’introduire 
Un terme supplemental p B traduisant Ten- 
semble des processus de couplage entre les 
bandes s f et s 1 provenant des diffusions 
electrons-electrons et electrons-magnons. 
Ces contributions k la r6sistivite varient 
proportionnellement au carre de la tempera¬ 
ture T. L’efFet de desordre de spin doit se 
traduire par une saturation de p B a temperature 
suffisamment elevee[8j. 

Nous nous proposons de determiner ici la 
dlpendance en temperature des differents 
termes p mt , p mi , p B contribuant a la rdsistivite 
du cobalt a basse temperature. Pour cela, 
nous couplerons les resultats de mesures de 
resistivity (1) sur des alliages ternaires a 
basse temperature (T = 4,2°K) (2) sur des 
alliages binaires entre 4-50 < ’K. 

Dans le paragraphe 1. nous presentons les 
resultats des mesures sur les alliages ternaires: 
celles-ci permettent de determiner les resis- 
tivites des impuretes de transition dissoutes 
dans le cobalt p^ associees a la bande paral¬ 
lel (s |) ou antiparallele {s 1) au spin des 
electrons de la bande ‘d’ pleine; les resultats 
ainsi obtenus pour p^ sont en accord avec 
ceux qui ont ete obtenus a 77-300°K. en etudi- 
ant la variation de l'ecart a la loi de Matthies- 
sen avec la concentration[5]. Ces resultats. 
associes a ceux que nous obtenons sur les 
alliages binaires, permettent d’effectuer la 
separation des differentes contributions a la 
resistivite p m du cobalt pur (paragraphe 2). 
Enfin, dans le paragraphe 3, apres avoir 
examine la coherence des resultats, nous 
proposons une interpretation de ceux-ci 
(ordre de grandeur, origine du comportement 
p m aAT t + BT S , comparaison des resis- 

tivit6s Pmcr avec celles d'un metal noble_) et 

nous identifions les contributions des proces¬ 
sus fondamentaux participant a la resistivity 
electrique: processus electrons-electrons, 
eleetrons-^jiagnons et electronsrphonons 
mtrabandos et interbandes ($ f — $ |, if — 
d j , s i — tf | >: ! Nous mettons en evidence, en 
particulier, un terme de Baber s jdj sidi im¬ 
portant pour les electrons de la bande d i et-un 


terme de diffusion yiectrons-phonons sldi 
bloque a basse temperature. Nous montrons 
que l’interpretation directe du comportement 
de la resistivite en termes de processus de 
diffusion n’a de sens qu’aprks la separation de 
la resistivite en ses diverses composantes, 
chacun des termes A et B n’ayant qu’un sens 
phenomenologique. 

(1) Structure electronique des impure Us de 
transition dissoutes dans le cobalt 
Si Ton dissout deux elements de transition 
en faible quantite dans une matrice ferro- 
magnetique et si 1’alliage temaire ainsi con- 
stitue suit la loi de Matthiessen, la resistivite 
de celui-ci p(c,,c 2 ) doit obeir a une loi du type: 

P(ci,c 2 ) c'iPo, 4- c 2 po 2 (M.R.) (1.1) 

ou c, et c 2 sont les concentrations atomiques 
d’impuretes 1,2 et oil p 01 et p M sont les 
resistivites residuelles des alliages binaires 
correspondants. 

Les alliages ternaires Co Ir Fe, Co Ru Fe. 
Co Os Fe presentent une forte deviation a la 
loi de Matthiessen et suivent une loi du type: 

p(f|.<.) (l.’| 

e (l!). s (x-) (1.31 

r 2 \<V 

en accord avec les resultats d’un modele a 
deux bandes [7]. 

Nous avons verifie par ailleurs[9,10J, que 
les interactions entre impuretes sont neglige- 
ables: en effet, les mesures d’aimantation 
moyenne d'un alliage p(c,,c 2 ) suivent une loi 
de superposition: 

(Kc.,c 2 ) = Pc 0 + c, (^) c =o + C 2 (^) rjD0 

(1,4) 

Dans (l,4)(U. Co designe l’aimantation du cobalt 
pur, (d/Zj/dcilc^o et {djZt/dCi)^ representent 
les variations d'aimantation des alliages 
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binaires correspondants dans la limite d’une 
dihitioninfink:. 

Connaissant les fonctions/et g, nous avons 
d^termin^ les r6sistivit6s des bandes t et j 
associees & chaque impurete dissoute dans le 
cobalt en utilisant la methode proposee par 
Leonard et al.[ 7], La resistivite pour chaque 
bande et pour chaque impure^ est donnee 
par: 


(2) Separation des diverses contributions d la 
resistivity du cobalt pur 

Les alliages binaires ytqdils ont dti choisis 
de sorte que les deviations a la loi de Mat- 
thiessen soient assez fortes ainsi que le 
suggerent les mesures de moments mag- 
netiques[9] et de resistivite residuelle [5] qui 
ont ete faites par ailleurs. Rappelons que, si 
p all (T ,c) designe la resistivite a la temp6ra- 


Pou 


— 2poi ^1 - + 

;=2p M [l + -^[ 


^P 0 l(P 02 fll)HPoi 02) 


(3i 02 3p 0 ,p M ) 2 + 4 (^jpoipo2 + ^mPoi ~ 3pS, pl 2 ) 


r 


_4po2 (Pol ^ 2 ) 2 (Po2 fil) 


^Ptoptoi) 2 ■+■ 4(^ x PojPo24“&P 02 P 0 I 3p0|Ptt) 


■ir 


0.5) 


0 , 6 ) 


ou /3, = d/(K= 0)/d\et & = dg(\-> = 0)/dX~ l 
representent les pentes a l’origine des fonc- 
tions / et g. 

Le Tableau 1 resume les resultats de cette 
decomposition a 4,2°K. II y est porte en meme 
temps les valeurs obtenues a 77 et a 300°K[5] 
par une autre methode de decomposition. 
L'ensemble des valeurs obtenues est coherent. 


ture T de l'alliage de concentration c en 
impurete, cp 0 sa resistivity residuelle et p m (T) 
la resistivite de la matrice, la deviation a la loi 
de Matthiessen est definie par: 

Ap(T) = p a n(T, c) — cp 0 —p m (T). 

Dans un module a deux bandes coupldes la 
resistivite de l'alliage s'6crit [3]: 


(p mT + Cpo t )(p m l+CPol) +Plf{pmt+Pml+c(pot-)-pol)i 
Pm T+ Pm i+ t’(pO T+ Po |) + ^Ptt 


tant dU point de vue de I’ordre de grandeur, que 
du point de vue de la variation en temperature; 
on notera, la tres faible variation des resisti vit6s 
Po t- P 01 associees a chaque bande entre 4-77°K. 
Ceci justifie done a posteriori, l’hypothese util- 
isee par Durand selon laquelle les ecarts a la loi 
de Matthiessen dans chaque bande <r sont 
negligeables. Notons enfin, que les valeurs 
obtenues pour les resistivites po^cr = f , 1) 
du fer sont independantes du type d’alliage 
ternaire etudie (cf. Tableau 1). Nous ne dis- 
cuterons pas ici les valeurs obtenues pour 
poff en fonction de la structure electronique 
des impuretes, reportant pour cela a la 
discussion dytaillde qui est faite dans la Ref. 
[5], 


Remarquons que dans cette relation: 

-on neglige les termes de couplages inter- 
bandes dus a 1’impurete; 

-on definit p mtT comme la resistivite de la 
matrice pure associee a la bande <r en tenant 
compte de l'ensemble des termes de couplages 
interbandes s-s\ 

-poo contient tous les termes de modifica¬ 
tion de la resistivity dans la bande <r dus it 
1’impurete. 

Si 1’on se place dans la limite p 0 f, poi> Pmp 
p mi , p fl , les deviations a la loi de Matthiessen 
se mettent sous la forme: 



( 2 . 2 ) 
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Fig. 1. p/c, en /iflcm/at.% pour I’alliage temaire Co Ru Fe en fonction du 
rapport X * c 2 /ci. M.R.: loi de Matthiessen. p: pente k Porigine. 


Tableau 1. Resistivites (exprimees en pil cml% at.) 
associees a chaque bande pour les impuretes de transition 
dissoutes dans le cobalt. (*) Valeurs d 77°K et 295°K 
d'apres[ 5] 




4,2°K 


4,2°K 

77° K* 

295°K* 

Co Jr Fe 

pFe | 

0.54 

PlrT 

11.7 

11,85 

16,40 



6,62 

P Ir 4 

3,82 

3,75 

3,45 


re i 
«Fe 

12,2s 

«lr 

0,327 

0,316 

0,213 

Co Ru Fe 

PFe f 

0,54 

Alu T 

22,4 

23,8 

35,4 


P F *i 

6,67 

PRu i 

4,86 

4,80 

4,50 



12,3. 

«Ru 

0,217 

0,202 

0,127 

Co Os Fe 

PFet 

0,54 

POs| 

23,55 

23,75 

34,0 


PFei 

6,72 

Posi 

6,84 

6,80 

6,40 



12,4, 

Oos 

0,290 

0,286 

0,188 


avec 

= ^ a = a± \ (2,3) 

Pm t Pot 

Les d£via|ions par rapport a la loi de Matthies- 
sen d’alliages binaires tels que Co Ru, Co Os, 
Co Ir, Co Fe, Co Re, Co Cr satisfont entre 
4-30°K a une loi ph6nom£nologique du type 
(Figs. 3-5): 


Ap(T) =AT 2 + BT*. (2,4) 

On ne peut cependant pas assimiler directe- 
ment le coefficient A a la contribution a la 
resistivite du terme de melange de spin p $, En 
effet, A depend de l’impurete de transition 
dissoute dans la matrice et les resistivites 
p et p peuvent aussi comporter un terme 
en T*. 

Pour effectuer la separatipn des diverses 
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T, *K 

Fig. 2. Risistivitc du cobalt pur p m (T) *» pco(T) -pco(O) 
en fonction de la temperature. 

contributions, nous avons utilise la relation 

( 2 , 2 ): 

pour une temperature et un alliage donn£, a 
est connu grace aux mesures de resistivitts 
risiduelles sur les alliages ternaires ; on re¬ 
cherche les valeurs de et /x concordant 

le mieux avec les r£sultats exp^rimentaux 
concemant la matrice (p m ) et les deviations a 
la loi de Matthiessen de quatre alliages bin- 
aires (Ap(CoRu), Ap(CoIr), Ap(CoOs), 
Ap(CoFe)). 

On a ainsi pu determiner les valeurs de p,, 
entre 4-50°K, 1’accord entre les devia¬ 
tions calculdes et expdrimentales £tant 
r6alis6 k mieux de 10 pour cent (Fig. 6) si Ton 



Fig. 3. 

accepte le cas des alliages Co Fe pour T > 
15°K. Pour ces derniers, les hearts k la loi de 
Matthiessen dependant deja fortement de la 
concentration k 20°K, la relation (2,2) n’est 
plus vaiable, et le calcul doit £tre fait en 
utilisant la formule gdndrale (2,1); cependant, 
on ne peut obtenir qu’un ordre de grandeur, 
d'une part en raison de la faible deviation 
observde pour Ap(Co Fe), d’autre part en raison 
de rimprtcision subsistant sur la concentra¬ 
tion et la r6sistivit£ r£siduelle extrapolee k 0°1C 
Afin de completer cette etude, nous avons 
repris les valeurs obtenues pour les binaines 
a 77-295°K[5] et nous avons determine 
I’ordre de grandeur des termes p«> p m pit 4 


JPCS Vot 32,Na I2~B 
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Fig. 4. 

ces temperatures. La methode utilisee etant 
toutefois differente. car, a ces temperatures, 
les deviations a la loi de Matthiessen—de 
meme que pour 1'alliage Co Fe a partir de 
15°K-ne sont plus independantes de la 
concentration et la condition p ot , p 01 > Pnt' 
p ., p tf n’est plus verifiee d’une faqon satis- 
faisante. En partant de la relation generate 
(2,1) nous avons recherche un couple de 
valeurs p,„ t , p a , en prenant diverses valeurs de 
p,, donnant le tqeilleur accord pour toutes les 
concentration^onsid6rees. Cet accord doit 
aussi se faire pour les autres alliages binaires 
& toutes concentrations (0,1% c 1%). 

Le Tableaah&tdresume l’ensemble des re sub 



Figs. 3,4,5. Deviations it la loi de Matthiessen des alliages 
binaires Ap = p a „(r)-p m (T)-cp^,( 0) pour difterentes 
concentrations. En trait plein: loi phenorminologique en 
AT t + BT i . En pointilie: valeurs correspondant a la 
decomposition effectuee & la Section 2. 

tats de cette etude. L'accord realise est satis- 
faisant, compte tenu des hypotheses faites 
dans I’utilisation de la relation (2.1) (p# 
independant de c,...). 

(3) Discussion et interpretation des resultats 
obtenus 

Dans ce paragraphe, la coherence de la 
methode employee est discutee brievement; 
les variations thermiques des diverses contrib¬ 
utions it la resistivite du cobalt pur sont 
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T, *K 

Fig. 6. p r „f, pjj, p„,i en fonction dc la temperature pour le 
cobalt. Valeur k 77°K d’apr^s (5). 


interpr6t£es en tenant compte des mecanismes 
de relaxation electrons-^lectrons et eiectrons- 
magnons intrabande et interbande. 

3.1 Coherence des risultats obtenus. La 
coherence des methodes employees pour 
Sparer les diff6rentes contributions & la 
resistivity du cobalt et de ses aiiiages est 
v6rifiee par les tests suivants (10): 

(a) Pour une temperature fix6e, ft, p „ et 
sont independants de 1'impurete dissoute dans 
la matrice. 

(b) Les deviations experimentales £ la loi de 
Matthiessen des aiiiages qui n’ont pas 
utilises pour effectuer la separation exposde 
au paragraphe 2 (par exemple Co Cr et Co Re 
entre 4-50°K) sont en accord avec les 
valeurs calcuiees & 1’aide de p mT , p s . p. =f(T) 
en prenant = 0,44 et a c ,=0,50; ces valeurs 
sont du me me ordre de grandeur que celles 
obtenues par J. Durand[5] ( a = 0,43, « Cr = 
0,34), quoique cet accord soit moins bon pour 
le chrome. Cependant ce dernier, presente 
parmi les metaux de la premiere serie de 
transition un comportement particular, 
apparaissant aussi bien dans les mesures de 
moments magnetiques moyens que de resis¬ 
tivity residuelle, et il est necessaire de pr£ciser 
sa structure electronique par de nouvelles 
mesures. 

3.2 Interpretation des risultats. La 
methode de separation exposee pr6cedem- 
ment (Section 2) montre que les termes p m] , 
p s . p„ t suivent une loi phenomenologique du 
type aT 2 + bT l et cela au moins jusqu’k 30°K: 


Tableau 2. Resistivites (exprimees en nil cm) associees a chaque bande et 
terme de melange de spin dans le cobalt pur entre 4-77°K. 


T°K 

4 

7 

10 

15 

20 

30 

40 

45 

50 

77 

& 

23 

22 

21 

18 

17 

15 

13,5 

13 

12,5 

11 

400 

Pm | 

0,046 

0,12 

0,25 

0,9 

2,5 

11 

35 

50 

80 

k 

700 

Pit 

0,32 

1,04 

2,0 

5,0 

10 

35 

90 

120 

140 

<2500 

4400 

Pm j 

1,06 

2,6 

5,25 

16,2 

42,5 

165 

473 

650 

1000 

a 

7700 
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p Mt = 0,2710-»r* + 3,810-T 8 (nO cm) 
p tt = 2,010-»T*+6,010- 7 7» 
p mi =5,810-»r*+5610- 7 7». (3,1) 

Si Ton reporte ccs valeurs dans l’expression 
de la resistivite de la matricc (cf. (2,1) pour 
c 0) nous obtenons une fraction rationnelle 
dont la dlpendance en temperature est com- 
plexe, alors que la decomposition faite directe- 
ment sur les resultats experimentaux donne 
une fonction de la forme: 

p m (T) = 1,06 10-*7 2 + 8,6 10~ 7 7 s . (3,2) 

Cependant, les deux fonctions pr6sentent le 
me me comportement au moins entre 4-30°K, 
aucun des termes du developpement (2,1) 
(3,1) n’etant negligeable dans ce domaine 
de temperature. 

De meme, nous retrouvons un resultat 
analogue pour les alliages dilues de metaux de 
transition; ainsi, dans le cas du Co Ru la 
decomposition experimental directe donne, 
pour recart a la loi de Matthiessen: 

Ap(CoRu) = 4,5 10 -2 7’ 2 + 3,1 10-«7 5 (3,3) 

tandis que la decomposition obtenue donne: 

Ap(Co Ru) = 

50,6 10~ 4 7 2 + 7,32 10~ 7 7»-t-3,27 io- n 7 g . 

8,910" 2 +87,6 10" 7 r 3 

La encore, les deux fonctions (3,3) et (3,4) 
prennent les memes valeurs pour 4°K « 7 « 
30°K, aucun terme de (3,4) n’etant negligeable 
dans le domaine de temperature etudi6. 

Les lois (a«7*-l-67*) que suivent la resistivite 
du cobalt et les deviations k la loi de Mat¬ 
thiessen d’alliages dilues de metaux de transi¬ 
tion, ne sont que phenomenologiques: la 
variation en 7 2 ne traduit pas uniquement la 
contribution 0-terme de melange de spin 
p a , et le comportement en 7 5 d plus haute 
temperature ne correspond pas directement *■ 


au phinomdne de diffusion du type Bloch - 
Griineisen . 

Dans la suite de ce paragraphe, nous allons 
etudier directement l’origine des r6sistivites 
Pmr, Ps en fonction des processus fondamen- 
taux de diffusion. 

3.3 Separation des processus ilectrons- 
magnons, eiectrons-phonons, electrons- 
electrons. Dans un ferromagnetique fort, 
c’est-a-dire un ferromagnetique dont l'une 
des bandes d(d f ) est pleine, l’expression de la 
resistivite associee a chaque bande a est de la 
forme: [5] 


Pml^ Plj + Pu+Pml 

P m 1 = Ptf + Pu + Pr<l + Pml' 


(3.5) 


En effet, dans chaque bande s v (a = |, |), 
le terme p a ma represente la resistivite de la 
bande <r supposee seule, et traduit les trans¬ 
itions eiectrons-phonons s„ — s„. La presence 
de la bande s~„ introduit un terme de couplage 
dfl aux mecanismes de diffusion 61ectrons- 
magnons s a — s-„. De plus, l’existence d’une 
bande d 1 incompletement remplie entraine: 
(i) dans la bande s |, des transitions s f — d | 
dus au couplage 61ectrons-magnons (ii) 
dans la bande s |, des transitions electrons 
electrons du type Baber (p*J) et des trans¬ 
itions eiectrons-phonons (p[ rf ). 

Nous nous proposons de discuter les varia¬ 
tions de Pmrio =1,1) avec la temperature et 
de mettre en evidence la contribution de 
chacun de ces processus a la resistivite p„, a 
partir des formules (3,5). 

(i) Variation de p mt avec la temperature. 
Dans la bande s f , p° m t doit etre un terme de 
diffusion s — s obeissant a une loi de Bloch- 
Gruneisen; les autres termes proviennent des 
magnons; ils doivent presenter une variation 
proportionnelle a 7 2 sur tout le domaine de 
temperature etudie (7 < 77°K) puisque la 
temperature maximum du spectre de magnons 
est tres superieure aux temperatures con- 
siderees (8, < 2000°K)[11,12]. 

Pour 7 < 6 d , 8, (i.e. pour 7 < 30°K.) nous 
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obtenons experimentalement la loi: 

p mT * 0,27 10" l 7*+3,8 10-T 5 . (7 < 30°K) 

Le terme variant proportionnellement & 7’esf 
consider^ comme provenant des interactions 
dectrons-magnons; cette interpretation doit 
&re justiftee a posteriori par la variation du 
terme p° t qui doit suivre, en principe, une loi 
de Bloch-Gruneisen. 

De fait, les r6sultats experimentaux mon- 
trent que, dans tout le domaine etudi6 
(7 < 0,) la r£sistivite p„(7) = p wt — 0,27 
10~*7 J suit une loi de Bloch-Griineisen: 

Pm(7) = 2,24 10< [j,(2n)] (J)* (nft cm) 
avec 

9 d = 380° K 

P«(7) doit etre identifie avec le terme p° f . Sur 
tout le domaine de temperature etudie (Fig. 7) 
le comportement de la risistivite associee a la 
bande s f , p u (T) = p„ , est identique a celui 
d’un mital noble tel que le cuivre ou l’argent, 
et peut done etre identifie avec la resistivity 
dile aux transitions s \ ~S f dues auxphonons. 

(ii) Variation de p m i avec la temperature. 
Dans la bande 51, 1’expression phenomeno- 
logique de p ml , valable pour 7 < 30°K., est 
donnee par: 

p mi = 5,8 10 _2 7 2 + 56 10 -7 7 5 . 

La grande valeur du coefficient du terme en 
7 2 , par rapport & celui qu'on a mis en evidence 
dans la bande t s’explique par la presence du 
terme de diffusion de Baber[13]. Ce terme est 
approximativement proportionnel au carre de 
la densite d’etats '<f au niveau de Fermi, et 
est, pour cela, plus important que tout autre 
terme en 7 2 a basse temperature. II s’en suit 
que le coefficient du terme en 7 2 doit etre 
proportionnel au carre de la chaleur spedfique 
ce qui a ete assez bien verifie par Rice [14], 
pour les elements de transition tels que Os, 
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Fig. 7. p(T)lp(6 D ) en fonction du rapport TI6 D pour le 
cuivre, I’argent et la bande s f du cobalt. Pour ce dernier, 
on a represent^ [p» (T) —0.27 10 _ * T*]/[p m (fl 0 )— 
0,27 10 _! 9„ 2 } en pointing p{T)lp(6„) pour le cobalt sans 
separation des diverses contributions. 

Re, Pt, Pd. Si Ton adopte ce sch6ma pour le 
cobalt-en faisant intervenir la chaleur spdeifi- 
que par bande de spin- on obtient un coeffic¬ 
ient de 4 10 _2 nfl cm (°K) -2 qui est du meme 
ordre de grandeur que celui que nous avons 
obtenu p* a = 5,8 10 _2 nfl cm (°K)" 2 . 

Par contre, le coefficient du terme en 7* est 
nettement trap grand si Ton admet que dans la 
bande s i , le terme p° l est du meme ordre de 
grandeur que p° m et qu’il suit de meme une 
loi de Bloch-Griineisen. 

Ce desacord s’explique par le fait que le 
terme phdnomenologique en 7 s contient a la 
fois le terme de diffusion dectrons-phonons 
s-s (fC^etk terme de diffusion s-d (pi 4). 

Dans le mod&le propose par Wilson[15], la 
contribution des transitions Electrons- 
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phonons s J, ~d | cst donnee par 

oil C est une constante, 9 D est la temperature 
de Debye et k B $ E est 1’dnergie minimum des 
phonons induisant des transitions s-d, J n {x) 
designe l’int6grale du type Debye: 

JmM = /, (e»-lHl-e-*) dy - 

Dans ce module, on ne considere que des 
processus de diffusion normaux et on admet 
que les surfaces de Fermi s et d sont 
sphlriques. 

p°l </varie comme T 3 tant que la temperature 
T est grande devant la temperature de blocage 
du processus 0 E . Au contraire, a tres basse 
temperature (T < 8 E ). les transitions s-d sont 
inefficaces et la resistivite p° d ( T ) tend vers 
zero comme e~*£ /T . 

Nous pouvons avoir un ordre de grandeur 
du terme p° d si on admet que, les bandes s a - 


(<r = |' i ) etant tris semblables, les termes 
de diffusion s-s Pm t et p«i sont igaux: il 
s’agit 1& d’une hypothese vraisemblable 
puisque 1’on sait que les bandes de spin s ne 
sont que tres leg£rement decalees l’une par 
rapport it l'autre par I’intermediaire du poten- 
tiel d’echange. Par ailleurs, les rdsultats que 
nous obtenons ci-dessous sont independants 
de la valeur pr6cise donnee a la resistivite p° r 
pourvu qu’elle soit du meme ordre de grandeur 
que pS, t- 

Sur la Fig. 8, nous reportons la variation en 
fonction de la temperature de 

P mt = p ml - 2,24 10* [ A (&)] (jJ {nil cm). 

Le terme p ml contient en principe (cf. 3,5) 
les contributions eiectrons-eiectrons, elec- 
trons-magnons et electrons-phonons s-d. 
Ainsi qu’on peut le voir sur la figure, ce terme 
presente uniquement un comportement en T 2 
jusqu’a T = 15°K = d E (temperature de 
blocage des transitions s-d). Au-del&, apparait 
un terme supplemental en T 3 que nous 
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attribuons aux transitions electrons-phonons 
s-d. 

En conclusion, la grande r6sistivit6 de la 
bander| par rapport & la bande s f s’explique 
done par la presence, dans cette derni&re, de 
phenomines de diffusion electrons-Electrons 
du type Baber (pour T < 15°K) et de phdno- 
m&nes de diffusion electrons-phonons s-d 
(pour T > 15°K). Ces demiers sont bloquls & 
trfes basse temperature parce que les surfaces 
de Fermi s! et di ne se coupent pas. la 
distance moyenne entre surface s | et d i 
etant de 1’ordre de 8 klk, = B e lB D # 4 10"* oil k, 
est ie rayon de la sphere de Wigner. 

Remarquons enfin qu’une methode telle 
que celle propos6e par Colquitt [16], permet- 
tanl de determiner l’ordre de grandeur de d E 
n’est pas quantitativement applicable: parce 
que les bandes s et d n’ont pas de surfaces de 
Fermi spheriques, la variation thermique de 
«r 3 restant valable tant que l’element de 
matrice des transitions electrons-phonons 
(Jfe|F e, ’| k') ne depend que de la difference 
k-k' des vecteurs d’ondes incidents et diffuses 
par les phonons. D'autre part, nous ne dis- 
posons pas de donnees experimentales suf- 
fisamment detaillees dans le domaine ou les 


transitions s-d sont dominantes (7 > 77*JQ. 
Enfin cette separation ne peut fetre faite que 
directement sur chacune des r£sistivit£s 
partielles et ndn pur la r6sistivit6 mesurfce. 

(iii) Ordre de grandeur et variation deg* 
p„ilpmi avec la temperature. Les valeurs 
elevees de fi, obtenues it basse temperature 
(4 4°K, (i — 23), sont en accord avec up module 
de Mott: les transitions du type Baber sont 
dominantes et n’existent que pour la bande 
d |, qui est partiellement vide. La d£crois- 
sance de p, lorsque la temperature croft, est 
en accord avec les resultats deja obtenus it 
77-295°K[5]. 

(iv) Variation de p a avec la temperature. 
L’interprdtation des variations en temperature 
du terme de melange de spin est plus delicate 
en raison des differentes contributions qui y 
participent (dectrons-magnons, dectrons- 
dectrons) et de l’allure particuliere des 
resultats experimentaux (saturation de p a k 
haute temperature, Fig. 9). On peut n£an- 
moins remarquer que les interactions dec- 
trons-magnons et dectrons-dectrons 
presentent un comportement en 7*: la 
determination exp6rimentale de p # pr6sente 
bien un tel comportement pour 4°K < 7 < 
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20°K. D’autre part, la saturation du terme de 
melange de spin pour des temperatures 
superieures k 50°K ne peut itre attribute 
comme dans le /er[17] d des processus de 
biocages^si. 

En effet, en admettant des relations de 
dispersion quadratique pour les electrons des 
deux directions de spin, d^cales par echange, 
des surfaces de Fermi sph£riques et en 
introduisant une temperature caract6ristique 
0i =■ h s q*l2k B p., Ferttl7] obtient: 

Pa a(k B T)*F(fy. 

Dans cette formule, q est le vecteur d’onde 
minimum du magnon effectuant une transition 
s | s 4 , p est la masse effective du magnon et 
F(x) est definie par: 

F(x) =x^^ 73 -j--Log(e ir -l)j. 

La fonction F passe par un maximum pour 
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T # O,90i (Fig- 10). Les transitions Electrons 
magnons sont bloquees & basse temperature 
(F < 0i, F(0,/r) = 0) puisqu’il faut fournir 
l’6nergie minimum Mi pour faire passer un 
electron d’une surface de Fermi s a 4 l’autre 
Dans le cas present du cobalt, le module 
precedent n’est pas applicable puisque pg/T* 
ne tend pas vers zero avec la temperature (du 
moins pour T > 4°K, Fig. 10); la variation de 
p s ne peut etre obtenue qu’en supposant qu’au 
moins l’un des termes qui contribuent au 
couplage interbande n’est pas bloque. D’autre 
part, une estimation de la temperature de 
blocage des ondes de spin 0 B montre que 
celle-ci doit etre tres petite (0*# 1-2°K) de 
sorte que les processus eiectrons-magnons ne 
sont pas bloques pour T > 4°K et que le 
maximum de p a IT l vers 50°K ne peut etre 
convenablement attribue k ces transitions. 

La variation de p s avec la temperature 
reste done incomprise dans l’etat actuel de la 
theorie; des experiences a plus haute tempera¬ 
ture s’averent necessaire pour permettre une 
meilleure comprehension de ce phenomene. 



T/0, 



Fig. 10. pgIT 1 et 0,06 FiPtff) en fonction de la temperature 
(9, = 70»K). 
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CONCLUSION 

Cette £tude met en Evidence dans le cobalt: 

—un terme de diffusion s-s dans la bande 
s f, identique k celui d’un m6tal noble (Cu, 
Ag). 

—un terme de Baber du me me ordre de 
grandeur que celui d’un metal paramagn6tique 
et un terme s-d 61ectrons-phonons (bloque & 
basse temperature) dans la bande s j . 

—1’existence d’un terme de melange de spin 

Elle a permis la determination quantitative, 
dans un large domaine de temperature, des 
r£sistivit6s associees a chaque bande de la 
matrice, ainsi que du terme de melange de 
spin. 

Elle explique I’origine physique d’un com¬ 
portment du type Ap, p M = AT Z + BT i pour 
la matrice et ses alliages dilues et montre que 
les resultats experimentaux ne peuvent etre 
interpretes directement pour en deduire la 
nature, l’ordre de grandeur et la variation en 
temperature du terme de melange de spin. 

Enfin, tout en justifiant l’effet de periode 
dans les elements de transition, elle montre la 
validity du modele a deux bandes couplees 
pour un ferromagn6tique fort. Elle doit etre 
poursuivie d'une part par des mesures de 
magneto-resistance, et d’effets Hall, d’autre 
part en 6tendant le domaine de temperature 
etudie. 
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SUBSTITUTIONAL IMPURITIES IN ZIN,C BLENDE 
TYPE CRYSTALS* 

S. P. GAUR and J. F. VETELINO 

Department of Electrical Engineering, University of Maine, Orono, Maine 04473, U.S.A. 

and 


S. S. MITRA 

Department of Electrical Engineering, University of Rhode Island, Kingston, R. 1.02881, U.S.A. 

(i Received 15 April 1971) 

Abstract-A mathematical model which employs a Green's function technique in the mass defect 
approximation is utilized to calculate the lattice dynamics of the imperfect crystal. This model makes 
direct use of the eigenfrequencies and eigenamplitudes of vibration of the phonons in the perfect lattice 
calculated by the modified rigid ion model introduced earlier. The phonon density of states is cal- 
culated for a number of II-VI and lll-V type compounds that crystallize in the zinc blende structure. 
Next the variation of local mode frequency as a function of the defect mass is obtained for these 
crystals. The existence of a new type of localized gap mode, which corresponds to the replacement of 
the heavy host atom by a yet heavier substitutional atom, is predicted. The results are found to com¬ 
pare favorably with available experimental data on local mode frequencies obtained by infrared, 
Raman, and other optical measurements. 


1. INTRODUCTION 

Substitutional impurities are known to 
affect the lattice vibrational spectrum of a 
crystal. In addition to modifying the frequency 
distribution of the host lattice, certain new 
features known as the localized modes of 
vibration are introduced in certain cases. In a 
diatomic crystal, when the substituent is 
lighter than both the host lattice atoms, one 
expects resonance modes due to the localized 
vibrations of the impurity to occur with fre¬ 
quencies above the optic band of the host 
lattice. If the host lattice phonon frequency 
spectrum possesses a gap between the 
optic and acoustic bands, then localized 
modes in the gap, known as gap modes, 
may also occur for certain substitutional 
impurities. 

A large amount of experimental data have 
recently appeared [1-22] on localized modes 
due to substitutional impurities in zinc 


blende compounds. Theoretically, the 
solution for the local mode problem can be 
expressed in terms of the eigenvalues and the 
eigenvectors of all phonon states in the host 
lattice by using a Green’s function technique 
[23]. Actual calculations have, however, been 
rather sparse[15,17,24,25] due to the lack of 
a consistent lattice dynamical model for the 
zinc blende crystals. Where neutron scatter¬ 
ing data did exist, which is for only a rela¬ 
tively few zinc blende crystals [26-30], local 
mode calculations have been performed [25] 
assuming a molecular model [31] with the 
eigenvalues and the eigenvectors of the 
phonon states as determined by an elaborate 
shell model calculation. The calculated results 
are however fitted to the infrared maxima. 
Recently an elementary linear diatomic chain 
model [17] has been phenomelogically utilized 
to predict local mode behavior with fair 
success. 

In this work, the eigenvalues and the eigen¬ 
vectors of the phonons are determined by 
using a modified rigid ion model[32]. This 
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model does not require neutron scattering 
data but only the three elastic constants, 
C u , C , 2 and C 44 , and the two long-wavelength 
optic mode phonon frequencies as input data 
in order to determine the eigenvalues and the 
eigenvectors of the phonon states. In the past 
for SiC and ZnS, the phonon dispersion pre¬ 
dicted^, 33] by this model displays good 
agreement with experimental data. In the case 
of ZnS, where neutron scattering data is 
available [29,30] and a reasonable number of 
calculations have been performed, [29,30, 
33,34] a comparison between the different 
models is possible. For the acoustic mode 
frequencies the modified rigid ion model 
predicts phonon dispersion which in some 
cases is superior to that of some force fitted 
models. In the case of the optic mode fre¬ 
quencies, this model is consistently superior 
to the results predicted [29, 30, 34] by other 
lattice dynamical models. It also has been 
previously discussed [35] that the resulting 
frequency distribution function calculated by 
the modified rigid ion model, even though 
approximate, may in fact be superior to that 
calculated by a force fit model. Further, the 
application of a shell model and its modifica¬ 
tions to zinc blende crystals has in fact been 
questioned [36,37] on fundamental grounds. 
The applicability of our model to zinc blende 
crystals has also been discussed [3 5] in terms of 
an invariance relation between the elastic con¬ 
stants and the long-wavelength zone center 
phonon frequencies. This model also predicts 
[38] the coefficient of thermal expansion in 
ZnTe well. The present model has however 
certain drawbacks. Whenever experimental 
data have been available the present model 
predicts [32, 33, 35] zone boundary TA mode 
frequencies which are slightly high. This, 
however, is not expected to have a large 
effect on the local mode or gap mode predic¬ 
tion. 

As already pointed out, a considerable 
interest has recently been evidenced [ 1 - 22 ] 
in the measurement of local and gap mpde 
phonons in zinc blende type crystals. Many 


new measurements are in progress. Since the 
knowledge of the host lattice phonon fre¬ 
quency distribution is essential to proper 
interpretation of these data, it is felt that the 
presentation of the phonon density of states 
and the local and gap mode behavior for mass 
defects for all zinc blende type crystals for 
which relevant data are available will be useful. 

In this paper the eigenvalues and the eigen¬ 
vectors of the phonon states as determined 
by the modified rigid ion model are incor¬ 
porated into the framework of the Green’s 
function technique[23] in order to predict the 
local mode and gap mode behavior in a large 
class of zinc blende crystals. In the Green’s 
function approach, it is assumed that the only 
significant change introduced in the lattice 
by the substitutional impurity is the change 
in mass. A condition for the appearance of a 
new localized gap mode, which corresponds 
to the replacement of the heavy host atom by 
a yet heavier substitutional atom, is predicted. 

Explicit calculations have been carried out 
for GaP, GaAs, GaSb, InAs, InSb, InP, 
AlSb, CdTe, ZnS, ZnSe, ZnTe, HgTe and 
SiC. These results are then compared to 
existing experimental data whenever possible. 

2. FREQUENCY DISTRIBUTION FUNCTION 

In the harmonic approximation for the 
rigid ion model, the eigenvalues, a> 2 , and the 
eigenvectors, a — ue'"', of the -phonon 
states of the perfect lattice are given [32] by 
the solution to the following equations of 
motion, 

Lu = (R + ZCZ)u — Ma) 2 u = 0. (1) 

The matrices R and C are Hermitian and rep¬ 
resent the short range and long range 
interactions respectively, while the matrices 
M and Z are diagonal matrices representing 
the particle masses and the charge number. 
The eigenvalues of the phonon states, oi S (k ), 
where the index, j, represents the normal 
mode and the index, k, the wave vector, 
result from the solution to the secular equation, 
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IR+ZCZ—Mw*|=0. (2) 

The eigenvectors are orthogonal and are 
normalized so that 

2 (Tpifto-J'tf) = 6'jj 

a 

and 

2 < (*) <rj Oc) = fi*. (3) 

j 

where the subscripts, a and 0, refer to the 
x, y and z components of the eigenvectors. 

This model incorporates short range non¬ 
central interactions for nearest neighbors and 
equal central interactions for next nearest 
neighbors and long range Coulomb inter¬ 
actions among ions of appropriate effective 
ionic charge. There are essentially four model 
parameters, three short range force constants 
and an effective ionic charge number. The 
model parameters are then determined by 
relating them to the three independent 
elastic constants, C n , C 12 , and C 44 , and the 
long wavelength longitudinal and transverse 
optic mode phonons [32]. 

The distribution of the phonon frequencies 
of the perfect lattice, G(w), was calculated 
for a mesh of 4,096 wave vector points in the 
first Brillouin zone. Due to the symmetry 
properties of the Brillouin zone for the zinc 
blende structure, one need only consider the 
determination of the eigenvalues of the 
phonon states at the non-equivalent points 
in k-s pace defined as, 

k = (9*. 9i) > 

where 

16 > q x > q„ > q z > 0 

+ <?w + <?* » 24. (4) 

and 

a = lattice constant. 

This particular mesh of k points gave a total 
of 24,576 frequencies from which a histo¬ 
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gram of G(oi) was obtained as a function of 
frequency. The frequency sampling width 
used was Aoj = 0-1 x 10 13 sec -1 . Figures 
1-4 present G(o>) for GaP, GaAs, GaSb, 
inAs, InSb, CdTe* ZnS, ZnSe, ZnTe, InP, 
AlSb and HgTe. Thfc frequency distribution 
function for SiC is reported elsewhere [32]. 
It may be noted that the distribution functions 
conform with the Debye model of the solid at 
low frequencies in each case. In the case of 
GaP, GaSb, InAs, ZnTe, ZnS, InP, AlSb, 
HgTe and SiC, a frequency gap is noted, as 
is expected from the consideration of relative 
mass. 





Fig. 1. Frequency distribution, G (w), of GaP, GaAs and 
GaSb. Histograms are calculated with frequency interval 
l X 10 l# sec _I . 
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Fig. 2. Frequency distribution, G(w), of InAs, InSb 
and CdTe. Histograms are calculated with frequency 
interval Aw = 0-1 x 10 ,s sec* 1 . 


3. LOCAL MODE BEHAVIOR 
The introduction of a substitutional impurity 
for one of the atoms of the host lattice, modi¬ 
fies the dynamical behavior of the lattice in 
that region. It is assumed that the force con¬ 
stants remain unchanged from the perfect 
lattice in the vicinity of the defect and that 
only the mass parameter is changed. Under 
these assumptions the equations of motion 
become, 

Lu' = (R + ZCZ)«'-Moi'V = Su\ (5) 

where S is a matrix of low rank incorporating 
the mass defect approximation. Due to the 
fact that the spatial extension of the mass 


defect is limited, the Green's function method 
[39] can be used to solve the problem. Noting 
that the Green's function matrix, G, is defined 
by LG = E, where E is the identity matrix, 
the equations of motion can be formally ex¬ 
pressed as, 

u'= GSu'= [R + ZCZ - Mo*' 2 ]- 1 Su' 
or 

gag X S ffy U V » (6) 

where g & and s By are elements of the matrices 
G and S respectively. The elements of the 
matrix G are functions of the phonon fre¬ 
quencies of both the perturbed and the 
unperturbed lattice. The condition for the 




Fig. 3. Frequency distribution, G(a>), of ZnS, ZnSe 
and ZnTe. Histograms are calculated with frequency 
interval Aw = 01 x 10 ia sec' 1 . 
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Fig. 4. Frequency distribution, G(w), of InP, AlSb and 
HgTe. Histograms are calculated with frequency interval 
Aw = 01 x 10 13 sec” 1 . 


existence of a nontrivial solution for the 
eigenvectors of the phonon states in the 
perturbed lattice reduces to the following 
secular equation, 

|GS —E| = 0. (7) 

Using equations (1), (3) and (6) it can be 
shown that the elements of the Green’s 
function matrix are 

tr a *'(£)<V(*) 


turbed phonon state. Under the mass defect 
approximation, the defect matrix, S, is directly 
related to the mass defect which is defined by, 

«(*)’» ( 9) 

m K 

m K is the mass of the particle to be sub¬ 
stituted for, and is the mass of the sub¬ 
stitutional impurity. It can then be shown[23] 
for the zinc blende structure, which is cubic, 
that the secular equation for the eigenvalues 
of the perturbed phonon state produced by 
the substitutional impurity reduces to the 





Fig. S. Localized mode frequency, *>', as a function of the 
Where <■>' is the eigen frequency Of the per- mass defect parameter, t(K ),for GaP.GaAs and GaSb. 
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following, 


N ffcoj* (k) -a;'* 


( 10 ) 


where N is the total number of wave vectors. 
The eigenvector, aj (k, K ), corresponds only 
to the particular particle of mass m K . Local 
modes are usually defined above the optic 
branches and correspond to the condition 
that m K < is smaller than the host lattice 
atomic masses. Gap modes occur when m K , 
may be heavier or lighter than one or both of 
the host lattice masses. 

Utilizing the phonon frequencies of the 




Fig. 6. Localized mode frequency,as a function of#te 
mass defect parameter. *( K), for InAs, InSb, and CdTe. 




Fig. 7. Localized mode frequency, a> \ as a function of the 
mass defect parameter, t(K ), for ZnS, ZnSe and ZnTe. 


perfect lattice in terms of the frequency dis¬ 
tribution function and also utilizing the cor¬ 
responding eigenvectors for the 4,096 wave 
vector points, the above equation was 
solved numerically to obtain a functional 
relationship between the mass defect para¬ 
meter and the local mode and gap mode 
frequency due to the impurity. Calculations 
have been made for replacement of either the 
anion or cation atoms of the zinc blende 
compounds. The variation of the local and gap 
mode frequencies as a function of the mass 
defect parameter is presented in Figs. 5-13 
for GaP, GaAs, GaSb, InAs, InSb, CdTe, 
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Fig. 8. Localized mode frequency, a>\ as a function of the 

mass defect parameter, €( K ), for 1 nP, AlSb and HgT e. 

ZnS, ZnSe, ZnTe, InP, AlSb, HgTe and 
SiC. The available experimental data are 
compared to the calculated results in Tables 1 
and 2. 

The localized modes above the optic 
branch correspond to the condition that the 
substitutional atom is less than some critical 
mass. Depending upon the substitution made, 
this critical mass is less than either the 
heavy or light host atom mass. 

The calculation shows localized modes in 
the frequency gap are possible for three 
different kinds of mass defect. For the re¬ 
placement of the lighter of the host atoms by a 
substitutional atom of heavier mass, the model 
predicts a localized gap mode for which the 


allowed values of the defect mass are bounded 
by two critical masses. If the heavy atom is 
replaced by a lighter substitutional atom a 
localized gap mode is predicted subject to the. 
mass of the substituent atom becoming 
1 smaller than some critical mass. Finally, the 
third condition for the existence of the 
gap mode corresponds to the case when the 
heavier of the host atoms is replaced by an 
atom of yet heavier mass, with a lower 
bound of critical mass. 

The condition for localized modes above 
the optic branch and the first and second 
condition for the localized gap modes conform 
with previous predictions [40]. We believe 




Fig. 9. Localized mode and gap mode frequency, w\ as a 
function of the mass defect parameter, €(/Q, for SiC. The 
gaps in the frequency spectra are shown by dotted lines. 
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Table I. Comparison of calculated and experimental 
values of local mode frequencies (in cm~')for various zinc 
blende compounds 


Calculated local 
Compound 1 * 1 mode frequency 

Experimental local 
mode frequency 

Reference for 
experimental data 

GaP: Si 

437-4 

453 

13 

G«P:“B 

611-6 

569,571 

13, 15 

GaP: 10 B 

636 6 

592,594 

13, 15 

GaP:Al 

442-2 

443 

13 

GaP: 14 C 

563-1 

527,606-2 

13, 16 

GaP: ,4 C 

525-2 

564 

16 

GaP.O 

494-4 

464 

13 

GaP: 14 N 

525-2 

488 

15 

GaP: 15 N 

509 

472 

15 

GaAs: Si 

362-9 

384 

7 

GaAs: Si 

365 

399 

7 

GaAs: P 

351 

355*4, 351 

5,10 

GaAs: A1 

368-9 

362 

4 

GaAs: 7 Li 

685-9 

422-2 

2 

GaAs: fl Li 

739 

451-4 

2 

GaSb:Al 

333 

316-7 

1 

GaSbrP 

327-3 

324 

1 

GaSb: As 

248 

240 

17 

InAsGa 

244 

240 

11 

InSb: A1 

307 

295-7 

3,5 

InSb: As 

206 6 

200 

17 

InSb.Ga 

209-8 

196 

20 

ZnS: A1 

362-6 

437-9 

12 

ZnS:Be 

543 

486 

21 

ZnSeS 

285-9 

297 

9 

ZnSe: 7 Li 

563 

383 

6 

ZnSe: 6 Li 

606-6 

412 

6 

ZnSe: A1 

301-9 

359 

8 

ZnSe:Be 

498 

450 

6 

ZnSe: * 4 Mg 

317-2 

352 

6 

ZnSe:«Mg 

312 

345 

6 

ZnSe: w Mg 

306-6 

334 

6 

ZnTe: AI 

274-5 

312-6 

12 

ZnTeS 

266-5 

269 to 272 

19 

ZnTe: Be 

461-5 

411 

21 

CdTe: Be 

426 

391 

14 

CdTe: Se 

171-6 

170 

19 

CdTe Mg 

266-3 

248 

18 


w Atom in bold type has been replaced. 


Table 2. Comparison of calculated and experimental 
values of gap mode frequencies (in cm" 1 ) for impurities 
in GaP and SiC 


Compound 1 * 1 

Calculated gap 
mode frequency 

Experimental gap 
mode frequency 

Reference for 
experimental data 


289-2 

293-8 

15 

‘ GaP: n B 

287-9 

284-2 

15 

Gap: As 

275 

270 

15 

SiC: He(?) 

676 670 

22 


taJ Atom m bold type has been replaced 
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c {Zn) 


Fig, 10, Gap mode frequency, w', as a function of the 
mass defect parameter, c(#0, for GaP and ZnS, The 
gaps in the frequency spectra are shown by dotted lines. 


out that a linear chain model is unable to 
predict such a gap mode [17]. It will be Of 
interest to find out if this is a pecularity of the 
zinc blende structure or such a mode may be 
expected in oi^cr diatomic cubic crystals 
with frequency gaps like some alkali halides. 

The agreement with available experimental 
measurements for the cases where the im¬ 
purity atom and the atom substituted belong 
to the same group of the periodic table is 
fairly good and is comparable to a recent 
phenomenological calculation using a linear 
chain model [17]. The relatively poor agree¬ 
ment with the experimental measurements on 
the Li substitutional impurity replacing Zn 
in ZnSe and Ga in GaAs respectively can 



that the third condition, under which a gap 
mode may appear, constitutes a new condition 
hitherto unnoticed. A search of the literature 
has not revealed any experimental data for 
this type of mode, but in view of the scarcity 
of experimental data for gap modes, this is 
not surprising. For the third condition the 
lower bound of critical mass for the localized 
gap mode corresponds to a physically 
realizable substituent mass in all compounds 
studied except GaSb and InAs. In the latter 
two compounds the lower bound of critical 
mass is quite large and would no doubt 
correspond to a physically unrealizable mass 
for the substituent atom. It may be pointed 



Fig. 11. Gap mode frequency, <o', as a function of the 
mass defect parameter, e(K), for AlSb and GaSb. The 
gaps in the frequency spectra are shown by dotted lines. 
















Fig. 12. Gap mode frequency, <u\ as a function of the Fig. 13. Gap mode frequency, , as a function of the 

mass defect parameter, c(A), for InP and InAs. The mass defect parameter, c(A:), for ZnTe and HgTe. The 

gaps in the frequency spectra are shown by dotted lines. gaps in the frequency spectra are shown by dotted lines. 
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be attributed to the fact that no force constant 
change was incorporated into the model. 
The difference in the valence states of the sub¬ 
stituting and the substituted atoms will no 
doubt have a significant effect on the forte 
constant parameters in the neighborhood of 
the defect. Our model also does not include 
effects due to charge compensation when the 
effective ionic charges are very different. 
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Abstract—Room-temperature velocity-field characteristics of /i-type germanium have been calculated 
taking into account the effect of non-equivalent intervalley scattering in addition to dial of intravalley 
acoustic, optical and equivalent intervalley phonon scattering. The analysis has been made on the 
assumption of a field-dependent displaced Maxwellian distribution function for the electrons in the 
(111) valleys and field-independent mobility for the electrons in the (100) valleys. The calculated 
values are found to agree with the results of Monte Carlo calculations to within 10 per cent. 

It is also found that the calculated characteristic agrees with experiments very closely if the values 
of the deformation potential constant for the intravalley optical phonon scattering and for the non¬ 
equivalent intervalley scattering are taken to be 0*5 x 1<P and 0-5 x 10*eV cm -1 , respectively. The 
non-equivalent intervalley scattering introduces saturation in the velocity-field characteristics and at 
the same time reduces the temperature of the electrons in the (111) valleys sufficiently to eliminate 
the possibility of breakdown. 


1. INTRODUCTION 

Electrons in n-type germanium attain a drift 
velocity at high electric fields almost inde¬ 
pendent of the magnitude of the field [1-4]. 
Attainment of a field-independent drift ve¬ 
locity may be explained theoretically if it is 
assumed that the electrons lose energy only 
through intravalley optical phonons[2.5.6], 
and the theoretically calculated values of the 
drift velocity agree with the experiment if the 
deformation potential constant, D 0 , for the 
optical phonon scattering is taken to be 0-5 x 
10® eV cm -1 . In spite of this agreement there 
remain some theoretical difficulties which need 
further clarification. First, the theoretical 
value of the average energy of the electrons 
is comparable to the band gap and one would 
therefore expect a breakdown which is not, 
however, experimentally observed [7]. Sec¬ 
ondly, the above value of £> 0 is about half that 
required to fit the temperature dependence of 
low-field mobility [7]. Thirdly, the contribu¬ 
tion of the intravalley acoustic mode scatter¬ 
ing to energy loss of the electrons, though 
negligible at low fields, becomes significant 
compared to that of the optical phonons at 


high fields. When this contribution is included 
in the analysis the drift velocity is, however, 
found to increase with increasing electric 
field [2.6]. The difficulties mentioned above 
may arise from two approximations made in 
the theory. First, the effect of non-parabolicity 
of the band structure and non-classical acous¬ 
tic phonon excitation may be important in the 
saturation region. Secondly, the effect of 
scattering of the electrons to the < 100) valleys 
from the normally occupied <111) valleys 
may also be important. Calculated velocity- 
field curves using the non-parabolic band and 
non-classical acoustic phonon distribution 
have been presented recently by Dumke[8}. 
It would appear from his results that the satur¬ 
ation velocity calculated by taking into account 
the effect of non-parabolicity and the non- 
classical acoustic phonon distribution agrees 
to within 10 per cent with the experimental 
value at 300°K[4]. The required value of D 0 
is also found to be about 0-7x10® eV cm -1 and 
is in fair agreement with the value required to 
explain the temperature variation of low field 
mobility including the effect of non-paraboli¬ 


city. However, it is not clear whether the 
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effect of the band anisotropy on the coupling 
constants for the momentum and energy 
exchange between electrons and the acoustic 
phonons has been taken into account [9], The 
values of the parameters in Table 1 of his 
paper are also confusing as apparently the 
parameter values have not been correctly 
reproduced against the corresponding sym¬ 
bols. The low-field mobility calculated with 
the parameter values when this table is 
plausibly interpreted is not in agreement with 
the experimental value at 300°K. Our calcula¬ 
tions indicate that the effect of acoustic phon¬ 
on scattering has been overestimated in mom¬ 
entum exchange and underestimated in the 
energy exchange due to the choice of the para¬ 
meter values. In addition, in spite of the agree¬ 
ment found between theory and experiment 
it remains of interest to investigate if the 
scattering to the (100) valleys may be import¬ 
ant. 

Recently, calculations have been performed 
by the Monte Carlo method [10] in which the 
scattering of the electrons to the (100) 
valleys from the (111) valleys is taken into 
account. The characteristic for the tempera¬ 
ture of 300°K shows a field-independent drift 
velocity region, but the magnitude of the drift 
velocity is about 0-82 x 10 7 cm sec -1 , whereas 
most of the experimental values lie within 
0-55 and 0-62 x 10 7 cm sec -1 . Also, the value 
of the field at which the drift velocity is 
saturated is higher than the experimental 
value. However, these results may signifi¬ 
cantly change when the coupling constants 
for the various scattering mechanisms are 
altered, It is almost an impossible task to 
apply the Monte Carlo method for the purpose 
of studying the effect of change in the values 
of the coupling constants as it involves lengthy 
numerical ^imputations. On the other hand, 
the simple £ iattBytic methods based on the 
assumption of displaced Maxwellian or Max¬ 
wellian distribution functions give results not 
much different from that obtained by the 


parameters on the average energy of the car¬ 
riers and on the magnitude of the drift veloc¬ 
ity. We present in this paper results which 
were obtained by such methods to examine the 
effect of scattering to (100) valleys and the 
choice of parameters on the velocity-field 
characteristic in the saturated region. 

2. METHOD OF ANALYSIS 
The band structure related to the (111) 
minima as also the coupling constants for the 
acoustic and for the equivalent intervalley 
scattering processes are fairly accurately 
known [7], On the other hand, there are no 
direct experimental data about the band para¬ 
meters of the (100) valleys and the coupling 
constant for the non-equivalent intervalley 
phonons. In order to limit the number of 
adjustable parameters we have taken the 
mobility of the electrons when in the (100) 
valleys to be 700 cm 2 V -1 sec -1 and indepen¬ 
dent of the applied field. The above value was 
obtained from an earlier analysis for explain¬ 
ing BN DC results under uniaxial stress [11]. 
The effect of changing this value may, how¬ 
ever, be easily estimated from the results 
corresponding to this value. The assumption 
that the mobility is independent of the field 
introduces the limitation that the calculations 
will not be valid for very high fields. But in the 
field range of 4-6 kV cm -1 over which the 
onset of saturation in the drift velocity occurs 
this assumption should not introduce any 
serious error. With the above assumptions we 
have only two unknowns, namely, the value of 
the deformation potential constant for the 
intravalley optical phonons, D 0 , and that for 
the non-equivalent intervalley phonons, D w „. 
As the mobility of the electrons in the (100) 
valleys has been assumed to be independent 
of the applied field the velocity-field curve 
may be obtained by solving the energy and 
momentum balance equations for only the 
(111) electrons. However, in contrast with 


the earlier analyses, these equations should 
Monte Cari^ method and may be conveniently include the energy and momentum loss due to 
used to study the effect of the choice of the'^scattering by the equivalent and non-equiva- 
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Fig. 1. Drift velocity-electric field curves.-, experimental 

curve[4], — x —x—, theoretical curve obtained by the Monte Carlo 

method [10].-, theoretical curves obtained with a displaced 

Maxwellian distribution function.-, theoretical curve obtained 

with a Maxwellian distribution function. The values of D 0 are res¬ 
pectively 10. 10, 0-9, 0-8, 0-6, 0-5. 0-5, 0-5 and 0-5 x 10* eV cm' 1 
in curves (a-i). The values of D neq are 2-0,1 -0 and 1-0 x 10® eV cm -1 
in curves (a), (c) and (g). Transfer to the (100) valleys has been neg¬ 
lected in curve (h) and in the rest of the curves D M is assumed to 
be 0-5 x 10® eV cm -1 . 


lent phonons. In addition, we are also required 
to solve the number conservation equation to 
determine the number of the carriers trans¬ 
ferred to the (100) valleys. As the equations 
involved in the analyses are well-known 12.5], 
we shall not repeat them here, but only 
present the results. It should, however, be 
noted that in the results presented here the 
band has been assumed to be parabolic. 

3. RESULTS AND DISCUSSION 
We show in Fig. 1 the velocity-field charac¬ 
teristic obtained for the different combination 
of the values of D„ and D nea , and assuming the 
field to be applied in the (100) direction. 

We first note that the values of the drift 
velocity obtained from the present analysis 
[curve (c)] using the parameters employed by 
Paige [10] agrees to within 6 per cent with his 
Monte Carlo calculations. It is therefore 
expected that the present calculations would 
not differ from Monte Carlo calculations by 
more than 10 per cent. 

The values of the drift velocity are altered 
by large amounts due to the change in the 


values of D g and 0 ncq . On considering the 
different curves we find that agreement with 
experimental results may be obtained when 
the effect of scattering to the (100) valleys is 
taken into account if we choose D 0 = 0-5 x Iff* 
eV cm' 1 and D nc ,, = 0-5 x 10® eV cm -1 even if 
the band is assumed to be parabolic. 

It is interesting to note that inclusion of the 
effect of scattering to the (100) valleys gives 
slightly better agreement with experiments, 
but to get the experimental value of the drift 
velocity D 0 has to be given the same value as 
required when this effect is neglected. The 
curves obtained by including and by excluding 
the effect are nearly identical in the field- 
independent drift velocity region. This result 
is contrary to that surmised earlier. It was 
surmised that the transfer of the carriers to the 
(100) valleys should reduce the saturation 
drift velocity by large amounts. But the trans¬ 
fer of carriers to the (100) valleys affects the 
results in two ways. The velocity of the trans¬ 
ferred carriers is less than that of the carriers 
in the (111) valleys. But in the process of 
transfer the electron system in the (111) 
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valleys loses energy and the average energy of 
the carriers in the <111) valeys is thereby 
reduced. Hence the drift velocity of the 
carriers in the <111) valleys is higher 
when the non-equivalent scattering is taken 
into account than when it is neglected. The 
reduction of the average drift velocity due to 
the lower velocity of the transferred electrons 
is almost compensated by the increased veloc¬ 
ity of the carriers in the <111) valleys. 

The result discussed above is further evi¬ 
dent when we consider the electron tempera¬ 
ture-field curves obtained in earlier analysis 
[2] taking into account only the energy loss 
due to the intravalley optical phonons, and in 
the present analysis, as shown in Fig. 2. We 



Fig. 2. Variation of the electron temperature in a {111) 
valley with electric field, (a) present analysis, (b) earlier 
analysis neglecting scattering to the (100) valleys. 


note that at a field of 4-5 kV cm' 1 the present 
analysis indicates an electron temperature of 
about 1600°K whereas the earlier analysis 
indicates an electron temperature of about 
3000°K. The value of the electron tempera¬ 
te reddled somewhat if the energy loss 
to the acoustic phonon scattering is taken 
into account in the earlier analysis [2] but 
then the. velocity-field characteristic does not 
saturate. Thus the inclusion of the effect of 


scattering to the < 100) minima in addition to 
the effect of intravalley optical and acoustic 
phonon scattering reduces the electron tem¬ 
perature to ranges where breakdown would 
not be expected, but produces the experiment¬ 
ally observed field-independent drift velocity 
region. One of the main shortcomings of the 
earlier theory as discussed before is thereby 
removed. However, we note that the value of 
D 0 is required to be 0-5 x 10® eV cm* 1 as in the 
earlier analysis. This value is affected by the 
value of the mobility of the electrons in the 
< 100) valleys. There is experimental evidence 
[ 12] which suggests that the mobility may be 
somewhat higher than the value assumed in 
our analysis, but when a higher value is taken 
for this mobility the value of D 0 would have to 
be reduced further for explaining the experi¬ 
mental results. It should also be mentioned 
that the calculations based on a Maxwellian 
distribution function gives almost identical 
results but to fit the experimental values of 
the drift velocity, D 0 is required to be 0-4 x 
10® eV cm -1 . 

It may be concluded on the basis of the 
results presented here that the saturation 
region of the velocity-field characteristic of 
rt-Ge at 300°K may be fitted with theory by 
including the effect of scattering to <100) 
valleys even if the bands are assumed to be 
parabolic, but the required value of the intra- 
valley optical phonon deformation potential 
constant is 0-5 x 10® eV/cm. 
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INFLUENCE OF THE CRYSTALLINE. ELECTRIC 
FIELD ON THE KONDO RESISTIVITY OF Ce x La 1 _ x Pd 3 

TERNARIES* 

V. U. S. RAO, R. D. HUTCHENS and J. E. GREED AN 
Department of Chemistry, University of Pittsburgh, Pittsburgh, Penna. 15213, U.S.A. 
(Received 5 April 1971) 

Abstract—The electrical resistivities of the cubic CejLa^Pda ternary alloys have been measured 
from 2° to 300°K. The alloys were found to consist of single phases except in the region 0-3 < x < 0-5. 
The resistivities indicated the presence of the Kondo phenomenon in all the alloys containing cerium. 
In some alloys a maximum in the resistivity-temperature curve was found and also an additional 
minimum at low temperatures. This behavior is interpreted as arising due to the influence of the cubic 
crystalline field on the cerium ions. 


1. INTRODUCTION 

The crystalline electric field has been 
shown to have considerable influence on the 
spin-disorder resistivity by Rao and Wallace 
[1] who have calculated the effect in the first 
Bom approximation for Ce 3+ in a cubic en¬ 
vironment (e.g. CeAl 2 ) and by Maranzana[2] 
who evaluated the contribution in the second 
Bom approximation for Ce 3+ in the hexagonal 
compound CeAl 3 . The latter author has shown 
the existence of divergences in the relaxation 
rate for conduction electron energies away 
from the Fermi level. These side divergences 
which he termed ‘Kondo sidebands' result in 
one or more maxima in the resistivity (p) 
temperature (T) curve, in addition to the 
minimum usually associated with a Kondo 
effect. This viewpoint has been exploited by 
van Daal et al. [3,4] in the interpretation of the 
p-T behavior of a number of cerium alloys. 

In this paper we wish to present the results 
of our measurement on electrical resistivity of 
Ce x Lai- x Pd 3 ternary intermetallics measured 
in the temperature range 2°K to about 300°K. 
The lattice parameters of these compounds 
which are cubic (Cu 3 Au type) are presented 
and their correlation with the resistivity 

‘This work was supported by the U.S. Atomic Energy 
Commission and by NASA through a traineeship to one 
ofus. (RDH). 


behavior is discussed. Certain features of the 
Kondo resistivity that may be expected for 
cerium ions subjected to a cubic crystal field 
are described and compared with the p-T 
behavior of some of the compounds. 

2. EXPERIMENTAL 

The starting materials from which the 
compounds were made were elements of 
99-9 per cent purity. The elements were 
melted together under a purified argon atmo¬ 
sphere to form the compounds using induction 
heating and a water-cooled copper boat 
similar in design to that described by Sterling 
and Warren [5]. Using this technique melts 
could be easily maintained for periods of one 
or two minutes with vigorous stirring and 
virtually no contamination from the cold boat. 
Well-homogenized compounds cast in a form 
convenient for the cutting of resistivity 
samples were consistently obtained. The 
samples were then annealed for two weeks at 
750°C. 

The lattice parameters were measured with 
a Picker Nuclear X-ray powder diffracto¬ 
meter using a Cu-Ka radiation. 

The samples for the resistivity measure¬ 
ments were cut in the shape of elongated bars 


(~ 1-5 cinxl mm 1 ) with the help of a Servo- 
met spark cutter. The resistivity was measured 
275J 
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using a standard four-probe method. 

3. RESULTS 

The X-ray measurements (Fig. 1 ) showed 
that the solubility range existed from x = 0 
to x ~ 0-3 and again from x ~ 0-5 to x = 1 . 
Between x •* 0-3 and x *= 0 5 the X-ray 
diffraction patterns clearly showed the 
existence of two phases which had lattice 
parameters (oo) similar to those found at the 
limiting compositions for solid solubility. 
In the two single phase regions which we shall 
call regions I and II (see Fig. 1), ao was found 
to show a linear dependence on x. 

The resistivity vs. temperature curves for 
the compositions corresponding to x = 0 , 
0*1 and 0*2 belonging to region I are shown in 
Fig. 2. LaPd 3 exhibits a normal p-T be¬ 
havior expected of a metal with no local 
moments. The compositions Ce 01 Lao S Pd 3 
and Ceo. 2 La 4 .gPd 3 show well defined minima 
at about 32 and 170°K respectively. 

The p — T curves for x = 0*95, 0*99 and 



<3 

4. 


Fig. 2. Resistivity vs. temperature curves for LaPd 3 
(inset), Ce^La* »Pd 3 , and CeojLaogPda. 
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These samples are characterized by a nega¬ 
tive coefficient of resistance near room tem¬ 
perature. As noted previously no minimum 
in the p — T curve could be seen in CePd 3 
up to a temperature as high as 660°K. A' 
noteworthy feature is the additional upturn 
in the resistivity at low temperature seen 
clearly in the compositions Ce 0 . 99 La<,.oiPdg 
and CePd s . The results on CePd 3 were pre¬ 
sented earlier[6] but since those earlier 
measurements were made only above 4-2°K 
the second upturn was not seen. The present 
measurements which were carried out down 
to 2°K, however, revealed the upturn (see 
Fig. 3, inset). Measurements were also 
performed on the samples with x — 0-6, 0-8 
and 0-9 all of which showed decreasing p 
with increasing 7\ somewhat like the x — 0-95 
composition. 

4. DISCUSSION 

Normally the Kondo effect is encountered 
in systems in which the influence of the 
crystalline electric field on the local moments 
is unimportant. In the absence of a magnetic 
field the sublevels of the magnetic ion are 
degenerate. It is well known [7] that in this 
case when the conduction electron relaxation 
times (tjc) due to spin-spin scattering are 
evaluated in the second Bom approximation, 
the inverse relaxation times (r*~ l ) at low 
temperatures show a logarithmic divergence 
as the conduction electron energy approaches 
the Fermi surface. This situation is shown 
schematically in Fig. 4(a). This divergence at 
the Fermi level is responsible for the -In T 
term in the resistivity at low temperatures as 
indicated qualitatively in Fig. 4(a). 

When one is considering the Kondo effect 
associated with Ce 3+ ions (7 = 1) where 
normally crystal field splittings of the order 
of 100°K are encountered, the influence of 
these splittings on the Kondo resistivity has 
to be considered. Maranzana[2], who was the 
first to treat these effects theoretically, has 
considered the case of Ce 3+ ions subjected to 
a hexagonal crystal field in CeAl 3 . This 


crystal field sptks the 7 == f, ground level 
of Ce 3+ into three doublets j±|), |±i) and 
|±i). In order to explain the p vs. 7 behavior 
of this compound which shows a broad 
maximum at 35 a K ’in addition to a minimum 
at higher temperatures, the f±f) level was 
assumed to be the lowest tying level with 
|±3) the next higher level and separated by 
A E from |±|). The spin-flip scattering of the 
conduction electrons takes place due to the 
terms s±J x in the Hamiltonian (g—\)f 
(r—R)s J which represents the exchange 
interaction between the rare-earth and con¬ 
duction electron moments. The exchange iff 
energy between the conduction electron and 
the rare-earth moments that takes place in 
some of the scattering terms gives rise to 
diveigences in r k ~ l for conduction electrons 
whose energies are away from the Fermi level 
by amounts ±AE (side-bands), where A E 
is the extent of the crystal field splitting. This 
is shown schematically in Fig. 4(b). In the 



tf AE E, E ,*ex _ T ( ar6 uni(s ) 


-e. 

Fig. 4. Schematic relationship between inverse relaxation 
time and conduction electron energy at T = 0 (left side) 
and Kondo resistivity vs. T (right side) for (a) no crystal 
field (b) Ce* + in hexagonal crystal field (c) Ce* + in cubic 
crystal field. 
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case of Ce 3+ in a hexagonal field, the choice 
of the energy level scheme made by Maran- 
zana[2] led to a situation such that at low 
temperatures one could obtain only the side¬ 
bands but not the usual divergence at the 
Fermi level. The p — T curve predicted by 
such a picture would show a maximum and a 
positive dp/d T at the low temperature side 
as shown in Fig. 4(b). The upturn in the p — T 
curve at the lowest temperatures seen in a 
normal Kondo phenomenon is absent because 
of the lack of the divergence at the Fermi 
level. 

We shall now consider the case of Ce 3+ 
ions in a cubic crystal field as in CePd 3 . It is 
known [8] that a cubic crystal field splits the 
ground multiplet of the Ce 3+ ion into a r 7 
doublet and a r 8 quartet shown schematically 
in Fig. 5. The sign of the crystal field decides 
whether T 7 or r 8 is lower. The wave functions 
of the crystal field states are given by [8] 

|r 7 )=a|±t-b|±t>, 

|r»)=h|±f> + a|+f), 

and |±i), 

where a = 0-4083 and b = 0-9129. 

It can now be seen that a divergence at the 
Fermi level is always present whether the 
r 7 or the r 8 level is lower. This is because 
spin-flip resonances can take place without 
the need for energy exchange since the 


r. 


J* e /2 AE 


Fig. 5. Scjppltic diagram showing the cubic crystfiL 
field the ground state (7 = J) of the Ce* 4 ion. 


terms in die Hamiltonian can connect states 
within a r 7 or a r B manifold. We therefore 
expect a divergence in r~’ for electrons at the 
Fermi level, in addition to the sidebands at 
± A E away from the Fermi level as shown in 
Fig. 4(c). This would lead to an upturn in the 
p — T curve at the lowest temperatures 
followed also possibly by a maximum at 
higher T as shown in Fig. 4(c). These qualita¬ 
tive expectations are in agreement with our 
resistivity measurements in the Ce x La,_ x Pd 3 
ternary alloys, in all of which an upturn was 
observed at the lowest temperature. In 
addition, in two compositions viz. CePd 3 
and Ceo. M LaooiPd 3 maxima in the p — T 
curve are observed. 

It is also worth noting here the rather strong 
dependence of the position of the resistance 
minimum with x in La, .. x Ce x Pd 3 , the tempera¬ 
ture at the minimum increasing sharply with 
increasing x. Such effects were absent in the 
La, _ x Ce x Al 2 system reported previously [9], 
The detailed p — T behavior is sensitively 
dependent on at least three major factors: 
(a) the size of the crystal field splitting, (b) 
the magnitude of the exchange interaction 
between the rare-earth and conduction 
electron spins and (c) the density of states at 
the Fermi level. Efforts are being made to 
obtain more information on factors (a) and 
(c) through heat capacity measurements. 

Finally, it is pertinent to make some re¬ 
marks about the variation of the lattice para¬ 
meter with composition x. Harris and Raynor 
[9] who measured the lattice parameters of 
several RPd a (R = rare-earth) intermetal lie 
compounds, noted that the lattice parameter 
of CePd 3 showed a negative deviation from 
the lattice parameter vs. atomic number curve 
for this series. They suggested that this poss¬ 
ibly meant that cerium ions in CePdL, were in a 
valence state higher than three. Our magnetic 
measurements [6] on this compound showed 
that the susceptibility was well below that 
expected for an assemblage of tripositive 
cerium ions. It has been argued from an 
analysis, of the magnetic susceptibility of 
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cerium metal by Edelstein[ll] that the 
transition from the y to a phase accompanied 
by a decrease in lattice parameter is caused by 
the transition into a spin-compensated state. 
We believe that a similar effect is responsible 
for the smaller volume of the CePd 3 unit cell. 
This coqjecture is supported by our observa¬ 
tion that in region II of our system the Kondo 
temperatures seem to be quite high (well 
above room temperature). 

In region I and Kondo temperatures are 
considerably lower (near or well below room 
temperature). The lattice parameters (which 
were all measured at room temperature) 
reveal that there is a much smaller volume 
contraction, compared to compositions in 
region II. 

Acknowledgements— The authors wish to thank Profs. 
W. E. Wallace and R. $. Craig for several valuable 
discussions and encouragement. 


REFERENCES 

1. RAO V. U. S. and WALLACE W. E„ Phys. Rev. 
2,4616(1970). 

2. MARANZANA F. E„ Phys. Rev. Leu. 25, 239 

(1970). " 

3. VAN DAAL H.' J. and BUSCHOW K. H. J., Phys. 
Status. Solidi. (to be published). 

4. VAN DAAL H. J„ MARANZANA F. E. and 
BUSCHOW K. H. J., Proc. Int. Corf. Magn., 
Grenoble, 1970.Z Phys. 32, Cl-424 (1971). 

5. STERLING H. F. and WARREN. R. W., Metal¬ 
lurgy 67, 301 (1963). 

6. HUTCHENS R. D., RAO V. U. S., GREEDAN 
J. E„ WALLACE W. E. and CRAIG R. S.,J. appl. 
Phys. 42, 1293(1971). 

7. KONDO J., Prog. Theor. Phys. 32, 37 (1964); 
Solid State Physics (Edited by F. Seitz and D. Turn- 
bull) 23,184(1969). 

8. LEA K. R., LEASK M. J. M. and WOLF W. P., 
J. Phys. Chem. Solids 23,1381 (1962). 

9. BUSCHOW K. H. J. and VAN DAAL H. J., Phys. 
Rev. Lett. 23,408(1969). 

10. HARRIS I. R. and RAYNOR G. U less-common 
Metals 9,263 (1965). 

11. EDELSTEIN A. A., Phvs. Rev. Lett. 19, 1184 
(1967). 






J. Pkys, Chem. Solids »1971, Vol. 32, pp, 2761-2763. Pergamon Press. Printed in Great Britain 


CRYSTAL STRUCTURE OF KCN IV AT 50 KBAR 
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Abstract—KCN IV near 25°C and 50kbar is rhombohedral, space group D^.—Rim, with a rh = 
3*727 A, a = 85° 58’ and 2=1. The structure appears to be the same as that or CsCN II, with the 
cyanide ions behaving as ellipsoids of rotation with radii of 2-22 and 1-69 A closely similar to those 
obtaining in CsCN II. KCN IV cannot be thermodynamically stable at high pressures near absolute 
zero. 


1. INTRODUCTION 

Potassium cyanide is richly polymorphic, 
with seven different solid phases, two of 
which appear to be metastable, known in the 
pressure range to 40kbar[l-3]. At 25°C 
KCN 1, which is cubic, space group O* 5 — 
Fm3m\4] with the NaCl-type structure, 
reversibly transforms to KCN IV at 19-72 ± 
0-43 kbar[1.5], KCN IV is ~ 10 per cent 
denser than KCN I at the transition pressure 
[1], and reversibly transforms to KCN III, 
which is very slightly less dense than KCN IV 
at the IV/III phase boundary [1,2], upon 
raising the temperature. 

KCN I is cubic due to the fact that the 
cyanide ions are either freely rotating[4], or 
undergo a hindered rotation, with preferential 
positions in the directions of the four body- 
diagonals of the unit cell [3], The entropy 
change for the KCN I/III transition is neglig¬ 
ible [1]. This led to the prediction [2] that 
KCN III will be cubic, space group CV — 
Pm'im with the CsCl-type structure. At 
lower temperatures, the disordered cyanide 
ions of KCN III will evidently become more 
ordered, and it was suggested [2] that KCN IV 
would crystallize with a CsCl-type structure 
slightly distorted by the partial ordering of 
the rod-shaped cyanide ions. KCN IV would 
then probably possess the rhombohedral 


CsCN II structure^], space group D* d — 
Rhm. 

2. EXPERIMENTAL 

The KCN was BDH Analar grade, con¬ 
taining 0-5% KC1 and 1-2% K 2 C0 3 . 

The high-pressure X-ray diffraction cell was 
similar to that described by Perez-Albueme 
et al.[ 7], but used 1-25 cm dia. pistons with 
0-4 cm dia. flats in order to obtain good control 
over the low-pressure range (0-80 kbar). No 
markers were used in view of the reservations 
expressed elsewhere [8], but sample pressures 
were calculated from the observed unit-cell 
volumes by using Bridgman’s volume com¬ 
pressibility data[9]. Filtered MoK„ radiation 
(A = 0-7069 A) was used, and the diffraction 
patterns recorded on a flat-film camera 8-5 cm 
from the sample position. Exposure times 
were ~ 30 hr. 

3. RESULTS 

Patterns at 25°C were obtained at 0, — 25-5 
and — 49 kbar. The diffraction pattern at 
atmospheric pressure was used to correct 
for film shrinkage and absorption effects. The 
pattern at 25-5 kbar was quite different from 
that at atmospheric pressure, and showed that 
the KCN 1/1V transition had occurred, but the 
peaks were of poor quality. The third pattern 
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at ~ 49 kbar yielded sharp diffraction peaks 
which could be indexed without trouble. The 
data are given in Table 1. KCNIV at 25°C, 
~ 49 kbar is rhombohedral with 

a rh = 3-727 ±0 010 A 

a Tn = 85°58' ± 10; Z = 1, p ca , c = 2-103 g cm' 3 . 
At 25°C, -25-5 kbar the unit-cell constants 

a rh = 3-811 ±0015 A 

a rh = 86°58' ± 20; p calc = 1 •% g cm' 3 

were obtained. The error limits are estimated 
from the fit at high angles only. 

The observed selection rules (no restriction) 
rule out the space groups R'ic and Rlc. It 
is not possible to make a definite decision as 
to the correct space group out of the remaining 
five from powder data alone. However, the 
following considerations do apply. CsCN II 
is rhombohedral, space group D\ d —R}>m, 
with [6] 

a Th — 4-23 A 

a rh = 86°21', Z = 1. 

The structure is a slight deformation of the 
CsCl-type structure (in which a = 90°), with 
the Cs + ion at (0.0.0) and the CN~ ion along 
the trigonal axis. Heat capacity data [10] 
indicate that there is no distinction between 
the heads and tails of the cyanide ions, and 
that CsCN II still has a residual orientational 
entropy of Rln 2. The transition entropy of the 
KCN IV/III transition is equal to or slightly 
less than that of the CsCN 1I/I transitional]. 
However, since KCN I is fully disordered 
[3-4] and the entropy of the KCN I/III 
transition is negligible[1], KCN III must also 
be fully disordered. The residual orientational 
entropy for KCN IV is therefore Rln 2 as in 
the case of CsCN II, indidsfmg not only no 
distinction be|y^en the heads and tails of the 
cyanide ions, butfiio no further disorder than 
this. This particular disorder can only be’ 
found in the space group D l ‘ M — R3m, with the 


Table 1. Powder pattern o/KCN IV at 25°C, 
~ 49 kbar (Mo K a radiation ) 


<4t»>n A 

Ideate m A 

hkl 

(rhombohedral) 

I 

3 *69 

3-710 

001 

vw 

2-75 [a] 

2-714 

Oil 

vs 

2-545 

2-541 

Oil 

m 

2*096 

2-096 

111 

s 

1-856 

1-855 

002 

vw 

1-698 

1 704 

012 

m 

1 58 [b] 

1-605 

112 

vvw 

1-465 

1-467 

112 

vw 

1 361 

1-357 

022 

vw 

1-315 

1-316 

122 

w 

1-223 

1*237* 1 202 

221. 122 

vw broad 


[aJThc precision of data obtainable with a flat-film 
camera drops very rapidly at low diffraction angles. The 
present discrepancy between d Q)A and d c in the case of 
the 011 peak is ascribed to this effect. 

[b]It was not possible to measure the 112 peak 
accurately due to its extreme weakness. 

indistinguishable C and N atoms at (or. x, jt) 
and ( x . x). The conclusion that KCN IV is 
isostructural with CsCN II is therefore 
inescapable on the basis of entropy 
considerations. 

The mean positions of the C and N atoms 
are located at x = 0-43 if the C-N separation 
is taken to be ~ lA, as compared to a 
separation of 1 05 A at atmospheric pressure 
[14]. The CN~ ions must be considered as 
ellipsoids of rotation. The ionic radius of an 
eight-coordinated ion at 100 kbar is — 1*13 
A, [12, 13] i.e. ~ 1 -22 A at ~ 49 kbar. From 
packing considerations it then follows that the 
ellipsoid of rotation has a length of ~ 4-45 A 
and a diameter of ~ 3 38 A. In CsCN II at 
— 60°C and atmospheric pressure the values 
~ 4-44 and ~ 3-35 A, respectively, are 
obtained, in very good agreement. The ellip¬ 
soids of rotation in KCN IV and CsCN II 
are elongated in comparison with that found 
in KCN V at — 105°C and atmospheric 
pressure[14], viz., 4-30 A by 3-56 A. The 
proposed structure of KCN IV is illustrated 
in Fig. 1. The observed intensities are not 
sufficiently reliable to justify a determination 
■Of calculated intensities for comparison 
purposes. 
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Fig. 1. Proposed structure of KCN IV. K + ions are 
shaded. 


4. DISCUSSION 

Due to its residual orientational entropy 
of Rln 2, CsCN 11 cannot be thermodynami¬ 
cally stable at absolute zero. No phase transi¬ 
tion to a more stable completely ordered 
phase occurs [ 10] down to 10 K, however, and 
it was concluded [11] that the non-occurrence 
of the expected transition is due to the cyanide 
ions being ‘frozen’ in orientations where there 
is a random distribution between the heads 
and tails of these ions. At and near absolute 
zero CsCN II is therefore metastable. KCN 
IV also has a residual entropy of Rln 2,[2.11] 
and a similar expected transition should occur 
at low temperatures and high pressures, failing 
which KCN IV will be metastable at very low 
temperatures. These, at present hypothetical, 
phases may very possibly have a structure 
similar to that of tetragonal KN 3 . Even if the 
presumed static disorder of CsCN II and KCN 
IV at low temperatures does not allow com¬ 
plete ordering to occur at moderate pressures, 
it is possible that, if the ordered forms are 
somewhat denser than the partly disordered 
forms, the ordered forms may be obtained at 
extremely high pressures where the transition 
partial disorder —> complete order will occur 


at higher temperatures. Once found, these 
phases should, at low temperatures, not revert 
when quenched to lower pressures and 
temperatures within the eight-coordinated 
phase field. ' 

At 2S°C RbCN I transforms to a dense 
disordered phase RbCN II at 5-6kbar[15]. 
RbCN II was suggested [ 15] to have the CsCl- 
type structure. If this is indeed the case, a 
phase similar to CsCN II and KCN IV should 
occur above ~ 5 kbar at low temperatures in 
the phase diagram of RbCN. 

TICN has the same structure [16] as CsCN 

I. This substance, also, should undergo one 
or more ordering transformations at lower 
temperatures. 
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ETUDE EXPERIMENTALe DE LA SUSCEPTIBILITE 
MAGNETIQUE DES SOLUTIONS SOLIDES DE 
METAUX DE LA PREMIERE SERIE DE TRANSITION 
DANS L’ALUMINIUM 


J. F. SADOC 

Laboratoire de Physique des Solides*, Faculty des Sciences, Orsay-91, France 

{Received 1 6 December 1970; in revised form 3 March 1971) 

R6sum£ — L'6tude exp^rimentale de )a susceptibilite magnetique des solutions solides de m6taux de la 
premiere serie de transition dans Paluminium a 6t6 rendue possible par preparation d’ichantillons par 
trempe ultra-rapide (Splat-cooling). Les mesures ont mis en evidence une forte contribution para- 
magnetique des metaux du centre de la serie de transition. Cette observation confirme les provisions 
th6oriques faites sur ces alliages. Par contre, l existence d’un important terme diamagn£tique reste 
inexplique theoriquement. 


1. INTRODUCTION 

L’etude des solutions solides metalliques a 
faible concentration permet d’obtenir des 
renseignements sur la structure electronique 
des metaux. C’est dans ce but que le labora¬ 
toire de Physique des Solides d’Orsay a 
entrepris une etude sur les solutions solides 
des metaux de la premiere serie de transition 
dans Taluminium. Plusieurs types d’etudes ont 
ete menes: 

-Variation des param£tres des solutions 

Airm 

— Etude, par diffusion centrale des rayons 
X, de l’ordre et de la precipitation dans 
ces solutions 

— Proprietes mecaniques 

— Resonance magnetique nucleaire. 

Le present travail a ete consacre a la mesure 
de la susceptibilite magnetique des alliages: 
AlTi, AIV, AlCr, AIFe, AIMn, AlCo et 
AIN Centre 80°Ket300°K. 

La solubilite naturelle des metaux de transi¬ 
tion dans Taluminium etant tres faible, nous 
avons utilise des solutions solides sursaturees, 
preparees grace a une technique de trempe 


* Laboratoire associ6 au C.N.R.S. 


ultra-rapide [2], Nous avons pu dissoudre 
jusqu'a 5 pour cent d'atomes de transition 
dans 1’aluminium. 

La mesure de la susceptibilite a ete faite 
avec une balance magnetique suivant le 
principe de Faraday-Curie. 

2. PREPARATION DES ECHANTILLONS 

La purete des constituants de 1’alliage est 
un facteur fondamental pour pouvoir faire une 
etude precise sur la susceptibilite magnetique. 
Les alliages ont £te obtenus a partir de metaux 
contenant moins de 100 p.p.m. d’impuret6s. 
Tout au long de la preparation des 6chantil- 
lons, des precautions ont dte prises pour 6viter 
la contamination. 

Les alliages ont d’abord ete prepares k la 
concentration voulue dans un four a induction. 
Puis, pour obtenir des solutions solides sur¬ 
saturees, nous avons precede a une trempe 
ultra-rapide avec l'appareil mis au point par 
Dixmier[3] qui permet de tremper une goutte 
d’alliage en l’ecrasant entre deux plaques 
metalliques de grande diffusivite thermique. 
On obtient ainsi des petits morceaux d’alliage 
trempe de quelques mm 2 de surface et de 1 
a 100/* d’epaisseurfl]. 

C’est lors de I’op^ration de trempe que 1’on 
doit prendre les plus grandes precautions pour 
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Fig. I . Variation de la susceptibility des impuretes diluees 
de mitaJ de transition. Ax est la difference entre la suscep¬ 
tibility des alliages et la susceptibility de l'alumimum pure 
pour les alliages suivants: 

1 AIMn4,8 at. % 

2 AlMn3,5 at. % 

3 AIMnO,5at. % 

4 AIFe 3 at. % 

5 AlCr 0,5 at. % 

6 AIFe I at. % 

7 AICO 3 at. % 

8 AITi 0,5 at. % 

9 AIV 0,5 at. % 

10 AINi 1 at. % 

11 AINi 4.5 at. %. 

eviter l’introduction d’impuretes. Les deux 
plaques entre lesquelles sont ecrasees les 
gouttes d’alliage liquide doivent etre tr&s 
propres. Les impuretes les plus genantes sont 
les traces de metaux ferromagnetiques de- 


La concentration en metal de transition des 
alliages trempes a ete mesur6e a la microsonde 
electronique de Castaing qui donne des mesur- 
es precises et permet en outre de verifier 
l’homogeneite de la trempe. Voici, par 
exemple, les valeurs relevees pour divers 
6chantillons d’alliage tremp£ d’Al Mn 

9,5% 9,2% 9,4% 9,6% 9,8% 9,6% 

9,7% 9,2% 

soit une moyenne de 9,5% ±0,2% de la 
concentration en poids, c’est-a-dire 4,8% ± 
0,1% de la concentration atomique. 

II etait tres important d’eliminer les 6chan- 
tillons dans lesquels pouvait rester du metal 
de transition non dissous. La technique de 
diffraction des rayons X a permis de faire le 
tri. Le fait de dissoudre un metal de transition 
dans l’aluminium provoque une variation du 
parametre cristallin, fonction de la concentra¬ 
tion. Nous avons utilise le montage tres dis- 
persif de Seeman-Bohlin. Pour mettre en 
evidence le deplacement de parametre nous 
avons fait deux cliches, un de l’echantillon 
seul et un du meme echantillon recouvert par 
evaporation d’une couche d’aluminium pur. 
Le second cliche permet de mesurer le de¬ 
placement, le premier de voir si la dissolution 
est totale ou partielle. Quand la dissolution 
est partielle il reste une raie a l’emplacement 
de la raie de Paluminium pur qui correspond 
a des grains dans lesquels une phase inter¬ 
mediate A1 T a precipite. En etudiant la 
fraction d’impurete non dissoute en fonction 
de l’epaisseur des morceaux d’alliage trempe, 
nous avons pu trier ces morceaux et connaitre 
la limite superieure de l’incertitude sur la 
proportion de metal de transition dissous. 

La mesure de la susceptibilite n^cessite un 
echantillon de poids relativement important 


posees sur la surface des echantillons. II est (0, 5 g) par rapport aux quelques mg d’alliage 
k noter que les impuretes introduites apres la obtenus dans l’appareil k trempe rapide. Nous 
trempe sont plus nuisibles que celles intro- avons agglomere, par pressage, les petits 
duites avant la trempe. En effet ces demieres morceaux d’alliage pour en faire des echantil- 
sont bloquees sous forme de solutions solides Ions cylindriques de 6 mm de diametre, faciles 
non ferronpjp&iques alors que les impuretes a manipuler, ce qui a rendu plus aisles les 
de sur%^stent ferromagnetiques. mesures de susceptibilite. 
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3. MESURES MAGNETIQUES 

Nous avons utilise une balance mise au 
point par MM. Poix et Bernier au laboratoire 
du Centre d’Etudes de Chimie Mdtallurgiqye 
de Vitry. 

4. INCERTITUDES ET CORRECTIONS 

Les mesures sont perturbees par des traces 
non dissoutes de metaux ferromagnetiques *; 
une correction des mesures est done neces- 
saire. Nous supposons que le moment magne- 
tique M, dQ a ces traces est satur£ par le 
champ utilisd (5000 a 10000 G). Le moment 
total est alors M = NxH + M„N. D’oii la 
susceptibilite effectivement mesuree: 

M, 

* w== * + 7r 

En extrapolant a partir de plusieurs mesures 
de xh pour differents champs on ddduit x< 
susceptibilite de l’echantillon pur. Cette 
methode n’est justifi6e que si la correction 
n’est pas trop importante. De plus, elle 
accroit l’incertitude sur la mesure de la 
susceptibility. 

5. INCERTITUDE SUR LES MESURES 
Deux causes principales d’incertitudes sont 

a retenir: 

l’incomplete dissolution des metaux de 
transition dans raluminium, 
la correction due aux traces de metaux 
ferromagnetiques. 

L'etude aux rayons X nous a permis d’esti- 
mer 1’incertitude maximale sur la concentra¬ 
tion en metal de transition non dissous (done 
sous forme de phase intermediate) et ainsi de 
calculer l’incertitude maximale sur la mesure 
de susceptibilite. L’incertitude relative due 


*Ces traces proviennent probablement de la contamina¬ 
tion de la surface des echantillons par des poussi&res de 
fer. Leur masse est extrfcmement rdduite (quelques p.p.m,) 
mais le moment magndtique du fer dtant tr£s grand leurs 
effets sont importants. 


aux impuretes de m£tal de transition non 
dissous est de l’ordre de 1 k 5 pour cent. 

L'incertitude, h£e k ('extrapolation It un 
champ infini, dtes mesures faites en champs 
finis est de 10 a 2d pour cent. 

6. RESULTATS DES MESURES 

Nous nous sommes particuliyrement intyr- 
esses a la variation de susceptibilite atomique 
rapportye It 1 pour cent de mytal de transition 
car elle correspond a la susceptibility des 
yiectrons exeydants provenant des impuretys. 

Nous avons en outre ytudiy les variations de 
la susceptibilite des alliages avec la tempyra- 
ture, (ce qui a permis de constater que Ton 
avait affaire a une susceptibilite de Pauli et 
par consequent qu’il n’y avait pas de moment 
localisy sur les impuretes) et avec la concen¬ 
tration en yiements de transition (etudes faites 
pour A1 Mn, A1 Fe, A1 Ni). 

(a) Mesures sur les alliages AI Ti, A1 V et 
Al Cr 

Un echantillon de AITi de 0,306 g et un 
echantillon de Al V de 0,284 g ont ete prypar- 
es a la concentration unique de 0,5 pour cent. 
En effet, a une concentration superieure la 
tempyrature de fusion totale de l’alliage est 
trys elevee et lors de la trempe il y a fusion 
des rondelles de cuivre servant a ecraser les 
gouttes de liquide. 

Nous avons echelonne des mesures en 
fonction de la temperature entre 80 et 300°K, 
en utilisant plusieurs valeurs du champ 
magnetique pour faire la correction d’im- 
puretys magnetiques. 

L’ecart Ax entre la susceptibilite de ralum¬ 
inium et celle des alliages ne presente pas de 
variation avec la temperature, superieure aux 
incertitudes de mesures. 

La masse reduite des echantillons et la 
faible concentration laissent une incertitude 
importante sur les valeurs de fecait Ax 
rapporty k une concentration de 1 pour cent 

AITi Ax,*= (-5±1,5) x 10" 6 uem/at.g% 
Al V Ax ,*=(-4,5± 1,5) X10-* uem/at. g% 




I.F3AD0C 




Fig. 2. Variation de la susceptibilite des alliages avec la 
concentration en mdtal de transition dissous. 



Fig. 3. Susceptibilite iiix ]%des m^taux de transition 
dissous dans ralui^m|;Ax j^tant la difference entre la 
susceptibilite de gB^ie Vappotte k 1 at. % de metal de' 
trafliwiorvet celle de J’aluminium pure. 


L'6chanrillon de I'sUiageALCr p rior i 
contenant 0,5 pour cent de chrome, avail une 
masse de 0,458 g. Nous n’avons pas observe 
de variation de Ax i»avec la temperature. 

AlCr Axi% = (4± 1) x 10* uem/at. g% 

(b) Mesures sur I’alliage A1 Mn 

Trois 4chantillons de 0,3 50 g, 0,506 g et 
0,279 g aux concentrations respectives de 
0,5%-3,5%et4,8%. 

Ces mesures nous ont permis d’etudier la 
variation de Ax avec la concentration et avec 
la temperature. 

Pour I’alliage de 0,5 pour cent on n’observe 
pas de variation avec le temperature, mais 
pour les alliages a plus fortes concentrations, 
Ax decroit lorsque T augmente. Cette d6- 
croissance est toujours plus lente qu'une 
decroissance en \IT. 

A la temperature ambiante la variation de 
Ax est lineaire pour les concentrations etudi- 
ees. Mais a temperature plus basse on observe 
une variation de A\ legerement plus rapide 
que la variation lineaire. Ceci peut provenir 
du fait que pour une concentration de 5 pour 
cent la distance entre deux atomes de mangan¬ 
ese voisins est de trois distances interatom- 
iques. Beaucoup d’atomes de manganese sont 
done voisins et des couplages importants 
apparaissent. 

Nous donnons les valeurs dans le Tableau 

1. 

(c) Mesures sur les alliages Al Fe, A1 Co et 

AINi 

Nous avons utilise deux echantillons de 
Al Fe de 0,370 et 0,412 g aux concentrations 
respectives de 1 et 3 pour cent. La variation 
de Ax avec la temperature est inferieure aux 
incertitudes de mesures pour les deux echan¬ 
tillons. La variation avec la concentration 
semble lineaire. 

Nous donnons les valeurs dans le Tableau 

2 . 

- L’echantillon d’Al Co de 0,287 g avait une 
concentration de 3 pour cent. 


(KB * 1 




i-;; V '* 1 

, V ' < 


" p ** '9&ih 11\>* TJfi () .,-fv> mr^Va'■, »*,„ 


des' £tats Bfis .^x,'' • a^.- j 


I’Hamittonien 



compte de la d£gen£rescence 


: f :\f'-iW 


Ax/- = 


2^(2/+ l)p(Ey) 


l-C/'pfE,) 


ou p(E F ) est la densite d’etat des electrons 
‘d’ au niveau de Fermi sur l’irapureti et (/' 
I’energie de repulsion coulombienne entre 
etats ‘d\ le facteur s= [1 — U'p{E F )]~ l est 
le facteur d’augmentation dfl a I’echange. 

Si (n) est l’occupation moyenne des orbi- 
tales ‘cf on a, avec une courbe lorentzienne: 


Cq Sc Ti V Cr Mn F» Co Nl Cu Zn 

Fig. 4. Comparison entre les resultats experimentaux et 
les previsions theoriques: (1) Susceptibilite Ax l% exp6ri- 
mentale des impuretes. (2) Susceptibilite paramagnetique 
theorique de l at. % d’impurete de transition, avec un 
facteur d’augmentation maximum de 17. (3) Difference 
entre les courbes 1 et 2 permettant d’estimer failure de la 

susceptibilite diamagnetique des impuretes diluees. 

Nous avons mesure une susceptibilite iden- 
tique a celle de Taluminium pour toutes les 
temperatures de 80 a 300°K 

Axi% = 0±0,5 uem/at. g%. 

Deux echantillons de 0,270 et 0,313 g aux 
concentrations respectives de 1 et 4,5 pour 
cent ont ete utilises. 

Nous n’avons pas observe de variation 
notable avec la temperature. 

11 semble que la variation avec la concentra¬ 
tion soit quasi lineaire jusqu’a 4,5 pour cent, 
mais Tincertitude sur la bonne dissolution du 
nickel dans Talliage a 4,5 pour cent 6tant 
importante, nous ne pouvons pas etre tres 
affirmatif. 

Nous donnons les valeurs dans le Tableau 

2 . 


1. COMPARAISON AVEC LES PREVISIONS 
THEORIQUES 

Du point de vue theorique, les resultats 
obtenus peuvent s’interpreter par la th^orie 


p(E F ) = 


sin 2 7r(n) 

7fA 


Des courbes Ax ont ete tracees pour differ- 
entes valeurs des parametres [/' et i en 
supposant que Ax» etait environ 2000 uem/ 
at. g pour les impuretes de manganese. Puis 
nous avons trace les courbes Axo* difference 
entre la courbe experimentale et la courbe du 
paramagnetisme theorique. Le choix d’une 
courbe diamagnetique de forme simple (pre- 
sentant un minimum d’oscillation) permet de 
faire un choix pour A et V. Nous prenons 
A = 1 eV et pour facteur d’augmentation 
maximum ((«) = l) 



L’allure de la courbe experimentale indique 
que le maximum est situ6 entre le Cr et le Mn 
ce qui signifie que les impuretes de manganese 
ont plus de 5 electrons localises. Ceci a deja 
ete observe lors de I’experience de resonance 
nucleaire [4]. Le maximum de la courbe theor¬ 
ique a ete deplace pour le faire coincider avec 
celui de la courbe experimentale. 

Remarquons que le terme d’augmentation 
pour le manganese est de 15 avec (n) — 5,3. 
Cette valeur est celle observee lors des 
experiences de resonance [4,5]. 
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Tableau 1. Ax e( A\i% X 


JO* (en uemjat. g) dans les alliages 
AIMn 


Alliages A1 Mn 

0,5% 

3,5% 

4,8% 

300°K 

Ax 

7,1 ±1 

50,2 ±1,5 

70 ±2,5 


£ 

<i 

14,2 ± 2 

14.3 ±0,5 

14,6±0,5 

80°K 


7,1 ±1 

54 ± 1,5 

77 ±2,5 

Ax |« 

14,2 ±2 

15,4 ±0,5 

16±0,5 


Tableau!. Ax et A\ x 10* (en uemlat. g) 


dans les alliages AJ Fe et A1 Ni 


AJliage A1 Ft 

1% 

3% 

Ax 

1,3 ± J 

3,2±3 

Ax .« 

1,3± J 

0,94 ± I 

Alliage Ai Ni 

1% 

4,5% 

Ax 

— 4± 1 

-»i2 

Ax l% 

— 4± 1 

— 4± 1 


La courbe diamagnetique obtenue par differ¬ 
ence entre les courbes exp6rimentale et 
theorique est purement hypothetique mais 
on peut malgre tout affirmer qu’elle est syme- 
trique et que son amplitude est d’environ 6 k 
7x10* uem/at. g. 

II semble qu’au terme paramagnetique de 
Pauli A Xu. explicable theoriquement, soit 
superpose un terme diamagnetique Ago syme- 
trique en fonction de (n). 


Ce terme diamagnetique est important 
(environ le tiers de la susceptibilite au milieu 
de la serie). II est difficile de l’evaluer theor¬ 
iquement. Pour des impuretes normales (zinc 
dans le cuivre par exemple) Kohn et Luming 
[6] ont tente de calculer ce terme, mais ils ont 
trouve des resultats 10 a 20 fois trop faibles. 

Nous avons repris la meme methode de 
calcul pour Air. Nous avons trouve des 
resultats qui-compares aux resultats expe- 
rimentaux —sont environ 25 fois trop faibles. 

Le probieme du diamagnetisme des im- 
puretes dans les metaux reste done a expli- 
quer. 

8. CONCLUSION 

Nous pouvons comparer nos resultats pour 
A1V, AlCr et AIMn avec ceux obtenus par 
differents auteurs dans le Tableau 3. 

Ces resultats sont compatibles. 

II est a noter cependant que les resultats 


Tableau 3. Comparaison des valeurs donnees pour Ax, % XlO e {en uem/at. g) par 


differents auteurs 



AI V 

AlCr 

AIMn 

Remarques 

Flynn [7], Rigney 
et Gardner 

(+2±0,5)10~* 

(7±0,5)10 -9 

(11,15 ±0,3) 10"® 

Alliages 

AXi% 

Taylor[8] et Burger 

AX|% 

(—5,5 ±1)10“* 

(3,1 ±0,5)10“* 

(12,4+1)10-* 

liquides 

Colling [9] 
et Hedgcock 

Ax \% 

Aoki[10]etQtsuka 

AX|%\ 

(-4,3 ±1,6)10“* 

(7,3 ± 1,4)10”* 

(12,4 ± )10-« 

(14,6 ±2)10-* 


Sadoc 

A Xi# 

(—4,5 ± 1,5)10“* 

(4±mtT fl 

(14,2±0,5)10-* 




SU8CEPTIB1LITE MAGNET1QUE DES SOLUTIONS SOUDES 



obtenus pour des alliages liquides sent assez 
differents de ceux que nous avons obtenus 
pour les alliages en solutions solides, particuli- 
irement au ddbut et k la fin de la serie de 
transition. En effet Ax est toujours positif 
pour les alliages liquides. Le terme diamag- 
n6tique disparait done k P6tat liquide. 

La mesure de susceptibilite d’un certain 
nombre d’alliages A1 T permet de de gager des 
lois generates. 

(1) Aux concentrations inf6rieures a 5 at. % 
la loi de variation de Ax en fonction 
de la concentration est lineaire. 

(2) Les variations de Ax avec la tempera¬ 
ture sont tr&s faibles pour des concen¬ 
trations inferieures a 3 at. %. Pour des 
concentrations plus importantes Ax de- 
croit en fonction de T beaucoup plus 
lentement que lIT. (Mesures sur A1 
Mn). 

(3) Pour les elements de transition proches 
des extremites de la serie. Ax est nega- 
tif, alors qu'il devient positif pour Cr, 
Mn, Fe. 


de 1’aluminium avec la concentration en im¬ 
pure^ de transition a done found des valeurs 
explrimentales dans un domaine oil n’exist- 
aient que des calculs th6oriques. 

Les r^sultats sont peu conformes aux pro¬ 
visions thOoriques car une contribution dia- 
magnOtique considerable a OtO mise en 
Evidence. 11 n'est malheureusement pas encore 
possible de trouver une explication theorique 
satisfaisante au diamagnOtisme. 
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SPECIFIC HEATS OF Laln 3 , Celn 3 AND Prln 3 AT 
TEMPERATURES BETWEEN 15 AND 4-2°K* 

S. NASU.t A. M. VAN DIEPEN4 H. H. NEUMANN and R. S. CRAIG 
Department of Chemistry, University of Pittsburgh. Pittsburgh. Penn. 15212, U.S.A. 

(Received 10 February 1971) 

Abstract—The specific heats of Lain,, Celn, and Prln 3 have been measured at temperatures between 
l-5-4-2°K. In Laln s and Prln, they showed the usual temperature dependence expressed in the 
formula C = yT+0T\ where y = 6-28+0-10 n\j°K- ! mole' 1 , 0 = 1-06 + 0-01 mj°K-« mole -1 (Debye 
temperature 9= 194-4°K) for Lain, and y — 11-42 + 0-09 rru°K‘* mole" 1 , 0 = 0-94+0-01 mj'K' 4 
mole -1 (0 = 202-3°K) for Prln 3 . The specific heat of Celn, is an order of magnitude higher. Because 
of the complex behavior of C„/T vs. T* in this compound y and 0 were not determined. The electron- 


phonon enhancement factors for Lain, and Prln, 
0-59 and 0-54, respectively. 

1. INTRODUCTION 

Studies of the magnetic properties of the 
rare-earth metals and their intermetallic 
compounds have long been a subject of great 
interest. One interesting class of systems is 
that of the flln 3 compounds (R = rare earth) 
which have the cubic Cu 3 Au structure. The 
magnetic behavior of Celn 3 reveals anti- 
ferromagnetism below II °K; Prln 3 , on the 
other hand, exhibits Van Vleck paramagnetism 
below about 30°K[1,2], The rare earths 
possess a well-localized 4 f magnetic moment, 
and are influenced by crystal field effects. In 
the case of Prln 3 magnetic ordering is pre¬ 
vented by the crystalline field. 

Previous studies have been made of the 
specific heat of Laln 3 , Celn 3 and Prln 3 by 
van Diepen et al. at temperatures in the range 
8-300°K[3]. In the course of the specific heat 
measurements on Celn., a lambda-type 
anomaly was found near 1PK which was 
associated with the antiferromagnetic transi- 
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Atomic Energy Commission, by the National Aeronautics 
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as determined from experiment, were found to 

tion. Both Celn 3 and Prln 3 showed a Schottky 
anomaly around 60 and 36°K respectively, 
from which overall crystal field splittings of 
155°K (r r doublet lowest) and ~ 170°K (I\ 
singlet lowest, -0-8 x «-0-6) were 
derived, respectively. 

It is well known [4] that the electron-phonon 
interaction provides an important mechanism 
for the renormalization of the effective electron 
mass which influences the specific heat. Un¬ 
fortunately, no theoretical studies of the 
electron band structures of these compounds 
have been reported. However, since Laln 3 
shows superconductivity below 0-70°K[5], it 
is possible to obtain an empirical electron- 
phonon enhancement factor from the Debye 
temperature and the superconducting transi¬ 
tion temperature [6]. 

In this light we have investigated the specific 
heats of Lain-,, Celn 3 and Prln a in the tempera¬ 
ture range between 1-5 and 4-2°K. In Section 
2, we give a brief experimental description of 
this study, in Section 3 we present the result 
of our measurements, and in Section 4 we 
attempt to provide a qualitative understanding. 

2. EXPERIMENTAL 

The samples used in this investigation, 7 to 
9 g per compound, were prepared by levitation 
melting, followed by stress annealing under an 
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argon atmosphere at 500°C for about I hr. The 
purity of the indium metal was stated to be 
99-999 per cent while the rare-earths had a 
stated purity of 99-9 per cent. This figure, 
furnished by the manufacturer, refers only to 
metallic impurities. No information is available 
on the presence of hydrogen, oxygen, nitrogen, 
etc. X-ray diffraction showed the three com¬ 
pounds to have the Cu s Au structure with 
lattice parameters in good agreement with the 
reported values [2]. The heat capacity meas¬ 
urements were carried out in a calorimeter in 
which the energy was supplied to the sample 
as a pulse of about 1 sec. duration and was 
measured by means of an integrating digital 
voltmeter. Temperature measurements were 
made with a germanium resistance thermo¬ 
meter calibrated against the vapor pressure 
of He 4 . Details of the calorimetric procedure 
will be published elsewhere [7]. 

3. RESULTS 

The temperature range covered in the 
measurements was from about 1 -6 to 4°K. If 
only electronic contributions and lattice 
vibrations are involved, the specific heat may 
be represented in this range by the equation 

Cp = yT +/3T 3 , (1) 

where the first term y T corresponds to the 
electronic contribution and the second term 
0T 3 to the lattice contribution. 

The measured electronic specific heat 
coefficient y is related to the apparent density 
of states N(E f ) at the Fermi surface by the 
equation 

y = (n*l3)k*N(E F )L, (2) 

where L is the number of atoms per mole, k is 
the Boltzmann constant. At low temperature 
(T < 6) the Debye temperature 0 can be 
determined using the following expression: 


term /3, the apparent density of states N(E F ), 
the bare density of states N(E F )o (which will 
be discussed in Section 4) and the Debye 
temperature 0 are listed in Table 1. 

The experimental results for Lalnj and 
Prlna are shown in Fig. 1 in the usual C\T vs. 
T * format. The data appear to be satisfactorily 
represented by equation (I). The data for 
Celn 3 are given in a similar format in Fig. 2. 
Celn s , being an antiferromagnet, might be 
expected to show a simple T 3 temperature 
dependence for the magnetic contribution to 
its specific heat. The situation is, however, 

Table 1. Data derived from heat capacity 


measurements 



Laliig 

Prln 3 

7 (nvj°K~* mole H ) 

6-28±0-10 

11-42 ±0 09 

mole -1 ) 

1-06 ±0-01 

0-94±0-0l 

0°K 

194 4 

202-3 

A^MeV-Utom- 1 ) 

0-666 

1-211 

N(E f ) 0 (eV _1 atom -1 ) 

0-419 



0-59 

054 
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of states through equation (2). The m a g n it u de 
of the density of states so determined* 



Fig. 2. Experimental heat capacity results for Celn, 
plotted in the C/T vs. T* format. 


complicated by the proximity of the Neel point 
and by the operation of a crystal field effect. 
It is clear from Fig. 2 that the specific heat 
behavior of Celn 3 is somewhat more complex, 
with a small hump around 3°K. 

4. DISCUSSION 

(a) Laln 3 

Laln 3 is superconducting with the transition 
temperature T c = 0-70°K[5]. The transition 
temperature for metallic lanthanum (4-9°K 
for h.c.p. structure, 6-05°K for f.c.c. structure) 
is much higher than that for Laln 3 . The value 
of y for Laln 3 in Fig. 1 and Table 1 is about 
two-thirds the value for metallic lanthanum 
(10-1 ny deg -2 mol -1 ). There seems little 
doubt that the fail of the transition temperature 
in Laln 3 is due to a decreasing electron- 
phonon interaction if the mechanism re¬ 
sponsible for superconductivity is the 
electron-phonon interaction. 

Our measurements of the electronic specific 
heat allow us to determine the apparent density 


however* is affected by several important 
many-body interactions, in particular, the 
electron-electron, the electron-phonon and 
the paramagnon interactions cause 7 to be 
enhanced from the one electron value by the 
mass enhancement factor m*/m 

m* 

7 = ~Vn = (1 + X e +^p* + ^p)7o 

= ^y*A/(E f )o (4) 

here k e , k ph and A p are the enhancements due 
to electron-electron, electron-phonon, and 
paramagnon interactions respectively, N(E F ) 0 
is the bare or unenhanced density of states 
such as could be obtained, in principle, from 
a band structure calculation and y 0 is the bare 
electronic specific heat coefficient. The 
changes in self-energy induced by these three 
interactions are assumed to be additive. 
Although this assumption is not strictly true 
equation (4) is sufficiently accurate for the 
qualitative arguments which follow below. 
Unfortunately, no band structure calculations, 
such as those employing the augmented- 
plane-wave method, have been reported. How¬ 
ever, we can estimate the electron-phonon 
interaction enhancement factor, which seems 
to be the most important, using experimental 
data. 

McMillan [ 6 ] showed that an empirical 
electron-phonon enhancement factor can be 
obtained from the experimentally determined 
superconducting transition temperature T e 
and the Debye temperature 0 by the relation 

a 1-04+n* In (0/1-457,) ( - 

pA (1 - 0-62/a*) In (01 1 -457,) - 1-04’ w 

Using tiie value 013 for the coulomb pseudo¬ 
potential strength n* (see Ref. [ 6 ]) and taking 
the superconducting transition temperature 
7, to be 0-70°K for Laln 3 , we obtain a value 
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of 0-59 for A m . If, in the case of Laln s , the 
enhancement due to the electron-electron ami 
the paramagnon interactions may be neglected, 
we obtain a mass enhancement factor m*lm - 
1-59 and the bare density of states is 0-418 
eV -1 atom -1 . The value of A pfc for Lalns is 
smaller than that for metallic lanthanum (0-94 
experimentally, 1-33 theoretically[8]), which 
seems to support our earlier arguments. 

(b) Celns 

The cubic crystal field splits the J = f 
level in Celns into a doublet r T and a quartet 
IV The specific heat measurements by van 
Diepen et al. [3] show that the ground state 
is the doublet and that the overall energy 
separation is 155°K. The Schottky specific 
heat calculated from this splitting is found to 
be six orders of magnitude smaller (2-24 x 
10"V. °K -1 mol -1 at 4-2°K) than the value 
observed in this study (1-33 j. °K -1 mol -1 at 
3-98°K) and hence is negligible. 

The N6el point T s for Celn 3 was observed 
at 11°K. In addition to the Neel point the curve 
of inverse magnetic susceptibility vs. tempera¬ 
ture exhibits a maximum at approximately 
7W3. According to simple spinwave theory 
[8], the magnetic specific heat C u of an anti- 
ferromagnetic compound, at temperatures 
well below the Neel temperature, may be 
written C u * 7 3 . However, the situation in 
Celns is complex because of the anisotropy 
energy, and because of the low-lying doublet, 
the energy separation of which may vary with 
the degree of magnetic order below the Neel 
point. Other antiferromagnets have shown 
departures from the 7 3 dependence at 
comparable temperatures relative to the N6el 
point[9]. 

The specific heat of Celn, in the liquid 
helium range is an order of magnitude larger 
than that of the other two compounds-in this 
study. Two factors may contribute to this 
excess beat Rapacity: the magnetic contribu¬ 
tion mentiontitlpbove; and a high density of 
states resultin||^om the proximity of the - " 
4/band jifif the f@qni surface. A high density 


of states, connoting a high specific heat in the 
helium range, has also been found in Ybln 3 
[ 101 . 

The heat capacity data for Celns shows a 
hump on the CjT vs. 7 2 curve centered at 
about 3°K (Fig. 2). This hump may well be 
connected with the above mentioned minimum 
in the susceptibility at about 7*/3. This mini¬ 
mum in susceptibility also occurs in other 
/?In 3 compounds. Its origin is at present not 
understood. 

(c) Prln 3 

In Prln 3 the value of y is about twice as 
large as that in the Pauli paramagnetic Laln 3 , 
which implies that there is still some inter¬ 
action between the 4/ level and the Fermi 
surface. We take for isostructural compounds 
a rough estimate of k ph to be given by the 
following expression [11] 

A pft = Cl M9 3 (6) 

where M is the average atomic mass and C is 
a constant. Using M, 8 and k ph for Laln 3 we 
obtain 1-07 x 10 7 as an estimate of C in equa¬ 
tion (6). Using this value of C, we find the 
value of A ph for Prln 3 to be 0-54. If we assume 
that the bare density of states is the same in 
Prln 3 as in Laln 3 and if we neglect the electron- 
electron enhancement factor we arrive-at a 
paramagnon enhancement factor of 1-64 in 
Prln 3 . This assumption may considerably 
overestimate the mass renormalization factor. 
The large specific heat of Prln 3 is probably 
due to a change in the bare density of states 
as well as to the electron-phonon and 
paramagnon enhancements. 
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SPECIFIC HEATS OF LaNi 5 , CeNi 5 , PrNi 5 , NdNi s * 

AND GdNi 5 BETWEEN 1-6 AND 4°K* 
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Abstract—The specific heats of LaNi,, CeNi,, PrNi 5 , NdNi 5 and GdNi, have been measured at 
temperatures between 1-6 and 4° K. The specific heats of LaNi,, CeNi, and PrNi, can be represented 
by the expression Cp = yT+f)T*, where y = 34-33 ±0-13 mj °K _, mole'‘ for LaNi,, 40-01 ±0-11 mj 
"K * mole-* for CeNi, and 37-02 ±0-16 mj °K" S mole* 1 for PrNi,; and j3« 0-294 ±0-014 mj °K“ 
mole- 1 (9 = 340-9°K) for LaNi,, 0-279 ±0-012 mj 0 K" 4 mole” 1 (9 =* 347 TK) for CeNi, and 0-309± 
0-017 mj °K -4 mole' 1 (9 = 333-5°K) for PrNi,. The y and 0 for NdNi, and GdNi, were not deter¬ 
mined because of the complex behavior of C„/T vs. 7* relations due to anomalies and large magnetic 
contributions. 


X. INTRODUCTION 

Studies of the magnetic properties of rare- 
earths and their intermetallic compounds have 
recently been a subject of great interest. Rare- 
earth atoms possess a well-localized 4-/ 
magnetic moment. A strong indirect-exchange 
mechanism provided by the conduction 
electrons is reponsible for the magnetic order¬ 
ing of these materials. One interesting class 
of systems is that represented by the formula 
RNi s (R = rare-earth atoms). These are iso- 
structural with the RCo 5 compounds which 
are currently of great technological interest 
because of the useful magnetic properties of 
several members of the series, particularly 
SrnCo,. The crystallographic and the magnetic 
properties of RNi s including Mossbauer 
studies have been extensively investigated by 
various authors [1-5], Little attention, 
however, has been paid to the specific heat 
study in these compounds. 

For these compounds the ordering of the 
magnetic sublattice (Ni or Co) is important. 


*This work was assisted by the U.S. Atomic Energy 
Commission and the National Aeronautics and Space 
Administration. 

tOn leave of absence from Japan Atomic Energy Re¬ 
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In RCo s moments are observed at Co sites; 
on the contrary, there seem to be practically 
no moments on Ni sites. It is thought that the 
three valence electrons of the rare-earth 
atom have filled the 3 d shell of the nickel 
giving it the configuration 3d‘°. It will be 
interesting to compare the specific heat of RNi t 
with that of RCo 6 . Toward this objective, we 
have investigated the specific heats of 
LaNi 5 , CeNi s , PrNig, NdNi 8 and GdNig in the 
temperature range between 1 -6-4°K. 

2. EXPERIMENTAL 

The samples used in the present investiga¬ 
tion, 6 to 10 g for each compound, were 
prepared by levitation melting, following 
which they were sealed in Vycor tubes under 
an argon atmosphere and heated for several 
weeks at 800-900°C. The structures and 
magnetic characteristics of the samples were 
established and found to be in good agreement 
with results observed in earlier studies. The 
rare earth metals were stated by the manu¬ 
facturer to be of 99-9 per cent purity with 
respect to metallic impurities, while the 
nickel (Johnson-Matthey spectrographically 
standardized grade) had an impurity level of 
about 10 ppm, the principal contaminants 


being silver, copper, iron and silicon. The 
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specific heat measurements were carried out 
in the temperature range between 1-6 and 
4-2°K employing an experimental procedure 
reported in another paper [6]. 

3. RESULTS 

The temperature range covered in the 
measurements was from 1-6 to 4°K. In this 
range the specific heats of the samples may be 
represented by the equation 

Cp = yT + fiT 3 (1) 

where the first term yT corresponds to the 
contribution of the electrons to the specific 
heats and the second term /3P corresponds 
to the lattice vibration. 

The experimental results for LaNi 5 , CeNi s 
and PrNi 5 are presented in Fig. 1 in the usual 
Cp/T vs. T 2 format. The Cp vs. T relations for 
NdNi* and GdNi s are also presented in Figs. 2 
and 3 respectively. It is clear from Fig. 1 that 
the present data for LaNi 5 , CeNi 5 and PrNi 5 
exhibit only the simple temperature depen¬ 
dence which is usually found for the specific 
heat of metals at low temperatures, although 
the temperature dependence of electrical 
resistivity for CeNi 5 shows something like 
a Rondo anomaly[7], It is clear from Fig. 2 
and 3 that the specific heats of NdNi 5 and 
GdNi 5 are extremely large and exhibit some 
anomalies. 
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(TEMPERATURE) <°K) 

ig. 2. The specific heat of NdNi ft in the temperature 
range 1 6-4°K. 

The experimentally determined electronic 
specific heat coefficient y is related to the 
apparent density of states N(E F ) at the 
Fermi surface, 

y=(*r 2 /3 )kfN(Er) (2) 

where L is the number of atoms per mole, 
kfi is the Boltzmann constant. At low tempera¬ 
tures, the Debye temperature 0 can be esti¬ 
mated using the following expression: 

0= (12/5)tt 4 ^L/^. (3) 

4. DISCUSSION 

It is well known that the magnetic proper¬ 
ties of rare earth metals and compounds are 
significantly influenced by the interaction 
between the rare earth ion and the crystal 
field. The high temperature heat capacity 
behavior is also known [8] to be affected by 
^“^the crystal field interaction. The question 
arises as to whether the heat capacities in 
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Fig. 3. The specific heat of GdNi* in the temperature range 
l-6-4°K. 




the temperature covered in this study also 
contain a crystal held contribution. Although 
this question cannot be answered rigorously, 
it appears that this effect is insignificant. A 
rigorous answer requires knowledge of the 
crystal field spectrum for the ions in question 
which is as yet unavailable. 

We can indicate the reasoning which leads 
us to conclude that the crystal field contribu¬ 
tion is negligible by considering the case of 
Ce +3 in CeNi 5 . In a crystal field of hexagonal 
symmetry the six-fold degenerate ground state 
of Ce +S is split into 3 doublets, the relative 
positions of which depend upon the strength 
of the crystal field interaction and the relative 
importance of the second and fourth order 
terms. Point charge calculations including 
first and second Ce +8 neighbors (Ni is ignored 
since it is in the 3d 10 configuration) shows a 
ground state doublet and excited states at 
190 and 452°K. Location of the first excited 
state at 100°K or more is confirmed by un¬ 
published higher temperature heat capacity 
measurements [9] on CeNi s which shows that 
the Schottky type heat capacity anomaly 
associated with excitation within the crystal 
field states is inappreciable below S0°K. The 
Schottky tail for splittings of this magnitude is 
entirely negligible in the liquid helium range. 


The linearity of C/T vs. T 2 (Fig. 1) for CeNig 
supports this conclusion and similar data for 
PrNig and NdNi 6 make it appear that the 
crystal field interaction is negligible in these 
cases as well. 

Although the values of y for LaNi 5 , CeNig 
and PrNi 5 are smaller than the sum of y for the 
constituent atoms, ~ 43 mj. K - * mole -1 they 
would be regarded as large compared to most 
y values. The large values of y for these com¬ 
pounds seem to come from the rare-earth 
component since nickel is in a 3d 10 configura¬ 
tion. This suggests that for LaNi s , CeNig 
and PrNig narrow 4/ bands are near the 
Fermi surface. 

The simplest approach to interpreting the 
variation of y with atomic number is in terms 
of atomic volume. The band splitting is greater 
the smaller the atomic volume. Since the den¬ 
sity of states at the Fermi level N(E F ) is 
inversely proportional to the band width, it 
follows that N(E f ) should vary directly with 
atomic volume. (This is of course subject to 
the assumption of a constant band shape, 
which may be invalid.) The volumes of the 
unit cells of LaNi s , CeNig and PrNig are 86*70, 
82*53 and 84*73, A\ respectively. On this 
basis we expect the highest y for LaNig 
and the lowest for CeNig. Examination of 
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1 constant to®** structure for Result 
CeN% and PrN%, which may not be complex than o 
concl, we couH attribute Ike variation of r and Pr comporod.. tm. 
to tot variation in Fermi energy within the a A-type thermal anomaiy[9] peaking at about 
band. However, there are other effects which 6 5*K. This is though to be an impurity effect, 
could influence y. LaNi s is a Pauli paramagnet. perhaps associated with oxides contamination 
CeNi. seems to be a Kondo system. PrNi, by oxides (vide infra). 
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exhibits complex magnitude behavior at low 
temperatures and may be a Van VIeck 
parmagnetflO]. Hence, there may be varying 
paramagnetic enhancements of the electronic 
specific heats in these compounds. Also there 
may be significant and variable (from com- 
pound-to-compound) electron-phonon en¬ 
hancement effects. Unfortunately, band 
calculations for RNi s compounds are non- 
existant so the electron-phonon enhancement 
factor (X pft ) is uncertain. However, we can 
approximate it using Jensen’s expression [11] 

X Ph = c\M& (4) 

where c is a constant, M is the mass and 6 
is the Debye characteristic temperature. 
Lacking information concerning the constant, 
we take it to be that of elemental Zr, which is 
also hexogonal, 3-6 x 10 6 . M is one sixth of 
the gram formula weight. This gives X pA 
values of 0*72, 0-69 and 0-74, respectively 
for the La, Ce and Pr compounds, which is 
again inconsistent with the trend of y values. 

The Debye temperature varies inversely 
as the square root of the effective mass. Since 


The specific heat of GdNi, is also very 
large. Wallace et al. [8] found two A-type 
thermal anomalies peaking at 30-6 and 30°K, 
which, it was suggested, might correspond to 
the paramagnetic to antiferromagnetic and 
antiferromagnetic to ferromagnetic transi¬ 
tions, respectively. It appears that the 
magnetic contribution is also the major con¬ 
tribution to the specific heat for this com¬ 
pound. The results in Fig. 3 show a X-type 
anomaly peaking at 3-55°K and a departure 
from the smooth curve below 2-8°K. Measure¬ 
ments by Crane [12] on elemental gadolinium 
showed two X-type thermal anomalies, 
peaking at 1 -66 and 3-4° K. It appears that 
these are impurity effects associated with the 
presence of oxygen and/or nitrogen. The 
anomaly at 3-6°K and the excess heat capacity 
below 2-8°K probably stem from the same 
source. Similar phenomena probably exist 
with the other RNi 6 compounds but because 
of the smaller R moments (for Pr, etc.) the 
interactions are weaker so that these impurity 
effects become evident only below the 
temperature range covered in the present 
measurements. 


Table 1. Specific heat parameters and densities 
of states for RNi s compounds 


(ny < ’K~ 1 mo1e -1 ) 34-33±0-13 40-01 ±0 11 37 02±0-16 

.Mik, y 

Oni ‘R'Anote -1 ) 0-299 ±0*014 0-279 ±0-012 0-309 ±0-0l7 
JfP (eV~* atom- 1 ) 2-43 ^ 2-83 2-62 

w *(&) 

(°K) 
e 


340*9 


347* 1 


333-5 
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TECHNICAL NOTES 


Enhanced electrical conduction in ZnO 
crystals by excited oxygen molecules 

(Received 1 April 1971) 

Since Putzeiko and Terenin[l] found that 
photoconductivity of zinc oxide was sen¬ 
sitized to longer wavelengths by adsorption 
of dyes, a number of papers have been de¬ 
voted to discuss whether the photocarriers 
are generated by ‘the energy transfer mec¬ 
hanism’ or ‘the electron transfer mechanism’. 
We found that ZnO single crystals Showed an 
enhanced conduction when they were exposed 
to excited oxygen molecules produced by the 
chemical reaction [2]. 




NaOCl + H 2 0 2 = NaCl + H 2 0 + 0 2 * 

(singlet oxygen). 

This is believed to offer a direct evidence for 
existence of the excitation energy transfer to 
ZnO surface traps. 

Vapor grown hexagonal crystals of ZnO 
here employed were approximately 3 mm long 
and 1-5 mm 2 in cross section, and had a 
slightly yellowish color. Lead wires were 
connected through vacuum deposited gold 
on surface of crystals. Measurements were 
made with an electrochemical cell, 

Nesa j H 2 0 2 +electrolyte | ZnO. 

The electrolyte solution was 0-05 M KCI 
buffered at pH 4-6 with sodium acetate and 
acetic acid. Near the crystal, 0-25 ml of 
NaOCl solution (0-125 ml of ‘12% Cl’ 
NaOCl and 0-125 ml of the electrolyte solu¬ 
tion) was injected through a capillary into the 
cell, in about 0-5 sec. Only when NaOCl solu¬ 
tion was added almost on the surface of crys¬ 
tal (approximately 1 mm apart), the conduc¬ 
tivity jumped up to a higher level and then 
followed a rapid decay (Fig. 1). The current 
depended on the concentration of H 2 0 2 as is 
illustrated in Fig. 2. In order to examine the 


Fig. 1. Current jump induced by singlet oxygen 
Applied voltage A: 0-16 v,.. ZnO(-t-) 
B: 00 v 

C. 0-25 v... ZnO(—). 



I 



concentration of H 2 0 j 
in electrolyte solution 


Fig. 2. Dependence of enhanced current on concentration 
of H 2 0 2 

Applied voltage A : 0 65 v ... ZnO(+) 

£: 0-14 v ... ZnO(—). 


possibility that the jump was brought about 
by ground state oxygen, oxygen gas was 
bubbled in at the crystal surface, in place of 
NaOCl solution. No response was observed. 

These facts indicate that chemically pro¬ 
duced excited oxygen molecules ('A,, or *X ff + ) 
are responsible for the enhanced electrical 
conduction in 7.nO. This was further con- 
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finned by observing the influence of a quen¬ 
cher for singlet oxygen. Trimethylene diamine 
is known as an effective quencher [3], When 
it is dissolved in the electrolyte solution in 
concentration of l-2xlO _ *M, the enhanced 
current decreased to i to i. 

The voltage-current curves of the cell with 
(A) and without (A 1 ) H 2 0 2 are shown in Fig. 
3. The curve A crosses the abscissa at -0-22 
v, while the curve A' at -0-31 v. This may be 
a result of some action of H 2 0 2 on ZnO sur¬ 
face. However, the resemblance of the curve 
A and A' is apparent within the experimental 
region of voltage. It does not seem, therefore, 
that the above conclusion is affected by the 
partly destroyed surface condition of ZnO. 

The current enhancement by singlet oxygen 
provides a strong evidence for the existence 
of energy transfer in dye sensitized photo¬ 
conductivity of ZnO. On ZnO surface, there 
are a number of traps, a great part of which are 
oxygen ions adsorbed over a wide range of 
energy depth [4]. 

The energy donatable from singlet oxygen 


(0 96 eV for 1 A 0 , 1-60 eV for %+) would be 
sufficient to inject some electrons from these 
surface traps into ZnO bulk. The same 
process would also be realized by excited dye 
molecules instead of singlet oxygen mole¬ 
cules. On the other hand, the electron transfer¬ 
like process, 0 2 -* 0 2 + + e does not seem 
plausible for the explanation of the present 
finding, because of the large ionization energy 
of 0 2 (*A e or 
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Laboratory, Tokyo Institute of T. NAKAYAMA 
Technology., Ohkayama, Meguroku, E. INOUE 
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The heat capacity of indium antimonide — II* 


(Received 23 December 1969; in revised form 
22 February 1970) 

In 1962, Darnell and Libby [1] succeeded in 
retaining a high pressure metallic polymorph 
of indium antimonide [InSb(II)] at atmos¬ 
pheric pressure and temperatures below 
210°K. Since indium and antimony bracket tin 
in the Periodic Table, InSb is isoelectronic 
with tin and the transition between InSb(I) 
and lnSb(Il) which occurs at 23 kbars at room 
temperature is analogous to the grey-tin-to- 
white-tin transition which occurs at atmo¬ 
spheric pressure and 13°C. Both grey tin and 


- *This research was supported in part by the ChemicaJ 
Directorate ef the United States Air Force, Office of 
Scientific Research, Grant No. AFOSR-1255-67. 
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InSb(I) are semiconductors with four-n eig h, 
bored tetrahedral crystal structures and 
similar lattice parameters. Darnell and Libby 
12] found that not only do metallic InSb(ll) 
and white tin also have the same crystal 
structure, but that the lattice parameters of the 
two are identical within experimental error 
at liquid-nitrogen temperatures. Moreover, 
InSb(Il) and 3-tin were found to be miscible 
in all proportions and to form solid solutions 
with no change in lattice parameters across the 
entire composition range. Because of these 
similarities, we decided to measure the heat 
capacity of InSb(II) to see if we could further 
extend the analogy between the two isoelec- 
tronic systems. 

We determined the heat capacity at constant 
pressure of InSb(II) between 80-100°K 
using the standard method of changing a 
known amount of electrical work into heat by 
means of a heating coil and then measuring 
the resulting temperature rise. Since InSb(ll) 
can be retained at atmospheric pressure only 
below 210°K, we were forced to wind the 
heating coil around a thin-walled (0-003") 
cylindrical copper container instead of directly 
around the samples. The samples were then 
pressed into this container under a liquid- 
nitrogen bath. 

Fairly large pieces of lnSb(lI) were needed 
and we started with i" dia. and 1" long cylin¬ 
ders of InSb (99-99-1-% purity). These were 
pressurized to 28 kbars and heated to ~ 375°C 
(M.P. at 28 kbars = 350°C) in a piston-cylinder 
apparatus with an internal graphite furnace. 
They were then cooled to - 140°C with liquid- 
nitrogen and the pressure was slowly released. 
The samples were removed from the pressure 
vessel and directly transferred into a liquid- 
nitrogen bath at which temperature they 
remained metastable. The diameter of the 
samples was now slightly larger than the 
0-460" inner diameter of the copper container 
and this insured a tight fit and good thermal 
contact The container was 0-930" high and 
about 14 g of InSb(lI) were needed to fill it 
for each experiment. 


tmv. 

Confirmation that the samples were com¬ 
pletely converted to lnSb(U) was obtained by 
two independent! methods. First, many small 
pieces of material were randomly chipped off 
the samples and allowed to warm. All showed 
the characteristic dramatic reversion to 
lnSb(l) at about — 60°C. Secondly, the super¬ 
conducting transition temperature was deter¬ 
mined. The prepared samples showed a broad 
transition in the temperature range of about 
l-5°-2-0°K. This agrees well with the re¬ 
ported values for InSb(II)[3,4]. 

The calorimeter was calibrated using 
copper, nickel and tin cylinders. Then, eighty- 
five runs were made on three independent 
InSb(II) samples and the Cp was obtained as a 
function of temperature between 80-100°K. 
This function was approximated by a straight 
line obtained by the method of linear regres¬ 
sion on an IBM 360/75 computer. The equa¬ 
tion of this straight line is: 

Cp (in calories/g-atom°K) = 1 -860 X 10 - *T 

-I-3-441. 

This equations gives values for the Cp of 
InSb(II) (in calories/g-atom°K) of 4-93, 5-11 
and 5-30 at 80, 90 and 100°K respectively. 
Each of these values has an estimated 
standard deviation of ±0-10 or about 2 per 
cent. 

These values are shown in Table 1 along 
with the values for white tin and it is apparent 
that, within experimental error, the heat 


Table 1. Heat capacity data (callg-atom°C) 


Temp (°K) 

InSb<II) 

(±010) 

0-Sn 

InSb(I) 

a-Sn 

50 


3*68 

2*69 

2*67 

60 


4*20 

319 

3*20 

70 


4-59 

3-63 

3*71 

80 

4-93 

4*90 

4*00 

4*04 

90 

5*11 

5*11 

4-31 

4*35 

100 

5-30 

5*32 

4-56 

4*64 

150 


5*86 

5*29 

5*44 

200 


6* 10 

5*61 

5*81 

250 


6*26 

5*81 

64)1 

298 


6*50 

6*06 

6-16 

Reference 


5,6,7 

8,9,10 

6,11,12 
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capacities oftnSb(H) and white tin are identi- 
<*» within this temperature range. The Cp data 
for In8b(l) and a-tin are also presented in 
TaWe 1. As can be seen from the table, the 
heat capacities of InSb(I) and grey tin are 
also practically identical over a much larger 
temperature range. These data indicate that 
the lattice dynamics of the A U B V compounds 
are very similar to the Group IV elements in 
both the semiconducting and metallic forms. 

The experiment also shows that it is feasible 
for a similar method to be used to determine 
the electronic heat capacity of InSb(II) at 
liquid helium temperatures. 
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Specific heats of LaNi, and NdN4 between 
16 and 4° K* 

{Received 10 February 1971) 

In earlier measurements in this laboratory 
by Wallace el a/.[l] the heat capacity of the 
series RN^ (R = La (unpublished), Ce, Pr, 
Nd) was measured between 7-300° K 
and for CeNi 2 and PrNi 2 also below 4° K. 
To complete measurements on these systems 
we have determined the heat capacity of 
LaNi 2 and NdNi 2 between l-7°-4-l°K. 
These alloys occur in the MgCuj-structure. 

The samples for the measurements were 
prepared by levitation melting, using Johnson- 
Matthey nickel (total impurity content about 
10 ppm) and La and Nd which were stated by 
the manufacturers to be of 99-9 per cent 
purity with respect to metallic contaminants. 
After annealing for several days at approxi¬ 
mately 800° C under an argon atmosphere 
the X-ray pattern for the alloys showed the 
pure MgCuj structure. The measurements 
were carried out on samples of 8-9 g. using 
a procedure which will be published else¬ 
where [2]. 

In the temperature range investigated the 
specific heat may be represented as 

Cp — yT + /3T 3 (1) 

if only electronic and vibrational contributions 
are involved. The electronic heat coefficient 
y is related to the apparent density of states 
N(E f ) at the Fermi surface by the equation 

y — (n 2 l3)k B 2 N(E F )L (2) 

where k B is the Boltzman constant and L 
the number of atoms per mole. At low 
temperatures (T < 9) the Debye temperature 


*This work, was assisted by the U.S. Atomic Energy 
Commission and the National Aeronautics and Space 
Administration. 
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the loss of ferromagnetism. T e 
'measurements is I6*K{3J. 


9 can be determined with the equation 

9 = {2-4ir*k s Llp) 113 . (3) 

In Fig. 1 the experimental results of both 
alloys are shown in the usual CplT vs. T* 
format. 


ture range investigated is relatively dose to 
T c one must expect a magnetic contributkat 
This is also suggested by die fact that die 
specific heat is an order of magnitude higher 
than that for LaNi*. 



Fig. 1. Heat capacities of LaNi, and NdNi, plotted in 
the CIT vs. T 2 format. The scales for LaNi, and NdNi, 
are on the right and left ordinates respectively. 


The LaNi 2 data follow equation (1) and 
we find that y= 12\52±0*03 mj K. -2 mole -1 
and 0 = 0-413 ± 0 003 m/K- 4 mole- 1 . The 
Debye temperature is calculated to be 242° K 
and the density of states to be l-77eV _1 
atom -1 . 

Through NdNi* also gives a straight line 
with CplT = (101 • 1 ± 0-2) + (10-8 ±0-02)7’*. 
the specific heat cannot be associated with 
electronic and lattice contributions only for 
the following two reasons: 

(a) Wallace et a/.[l] report a X-type anom¬ 
aly at about 10° K which is associated with 


(b) The J = 9/2 level is split by the crystal 
field with an overall splitting of 431° Kfl] 
which could also give some contribution to 
the specific heat. 

Thus, the specific heat is a sum of electronic, 
lattice, magnetic and .crystal field contribu¬ 
tions. 

Cp — Cg +Ci + C/y-F Cg. (4) 

In a first approximation it is assumed that C g 
and C L are equal for LaNi* and NdNi*. 
For the calculation of C K relative values of 
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the crystal field energy levels where deter¬ 
mined after Schumacher and Hollingsworth 
[4] and then adjusted to the experimentally 
found overall splitting of 431® K. The compu¬ 
ted C K was only 0*3 n\j mole -1 deg -1 at 4° K 
and so negligible below this temperature. 
Hence, the magnetic contribution seems to be 
the difference of the specific heat of NdNi 2 
and LaNi 2 : 


C„= 88-6 T+ 10-4 T 3 . (5) 


is not understood why C* follows an equation 
with T and T 3 . 
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The error in this equation is probably small 
even if C E and C L for both alloys are not 
accurately the same because C M > 

The simple spin-wave theory [5] predicts 
for ferromagnetic materials well below the 
Curie-point that C M is proportional to T m . 
For a region nearer to T c Dyson [6] gives for 
the magnetization a power law with additional 
terms of T m and T V2 . We tried therefore to 
find an equation of the form 

C M = AT 3l2 + BT il2 + CT m . (6) 
This attempt was unsuccessful. At present it 
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ERRATUM 

A. CASALOT, P. DOUGIER and P. HAGENMULLER: Sur Involution des 
propriety physiques de la perovskite GdCoOj entre 77-1200 K. J. Phys. 
Chem. Solids 32, 407 (1971). 

The author regrets that a small omission was made: Tables 1 and 2, cited in the 
text, were not included. They are enclosed herewith. 


Tableau 1. Proprietes magnetiques de GdCo0 3 


Intervalle de temperature 

77 ^ T ^ 270 K 

270 « T s 580 K 

580 < T 1200 K 

Constante de Curie C ex p 

7,90 

8,80 

10,90 

Temperature de Curie 0 r 

OK 

-30K 

—175 K 

Concentration x en Co in 

1,0 

0,7 

0 


Tableau 2. Energies d’activation de 
GdCo0 3 


Intervalle de temperature 

A£(eV) 

77 7 as 135 K 

0,080 ±0,005 

230 ^ T ^ 500 K 

0,19±0,01 

590 ^ T ^ 770 K 

0,57 ±0,04 

T > 1150 K 

- 0 
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